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The principal directions of this thesis involve (1) the synthesis and characterization of 
tetraphosphine linkers with rigid tetraphenylelement cores and derivatives thereof, (2) the 
study of the tetraphosphines and their phosphonium salts with respect to their interactions 
with silica, (3) the creation, characterization and activity studies of immobilized Wilkinson-
type hydrogenation catalysts, and (4) the synthesis, characterization, and performance 
investigation of a surface-supported Wittig reagent for alkene synthesis. 
Several different tetraphenylelement scaffolds with silicon and tin centers and 
phosphine groups in the para positions have been synthesized. These tetraphenylelement 
compounds have the advantage of incorporating a rigid backbone, making them ideal 
immobilized linkers that prevent interactions of coordinated metal centers with the reactive 
silica surface, and it diminishes the probability of deactivation of the metal complexes by 
dimerization. A range of tetraphosphines and their derivatives have been generated by using 
one of two synthetic routes. The phosphines feature various substituents, for example, 
phenyl, cyclohexyl, tert-butyl, or isopropyl groups. The scaffolds were equally accessible 
with either silicon or tin at the core. 
The tetraphosphines can be immobilized on silica via three phosphonium groups by 
using ethoxysilanes, which leaves one free phosphine at the top of the scaffold. The 
phosphines are covalently bound via the counteranions of the phosphonium groups and are 
not readily leached off of the surface. This was demonstrated by placing one representative 
immobilized scaffold in eight different solvents, where no leaching could be detected by 31P 
NMR, even in very polar solvents like DMSO. Furthermore, impregnated phosphonium salts 
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were mobile on the surface of silica in the presence of solvents, but their solubilities did not 
correlate with the mobilities, which indicates that surface detachment is not a crucial element 
in the mode of mobility. 
A new class of immobilized Wilkinson-type catalysts, consisting of a linker featuring 
four phosphine moieties with a rigid tetraphenylelement core, has been generated. These new 
catalysts can easily be recycled almost indefinitely, they display fast substrate conversion at 
very low temperatures, no active species leach into the supernatant, and they are resistant to 
oxidation in air. However, the catalyst was reduced during batchwise recycling, resulting in 
the formation of Rh nanoparticles. The presence of the latter was proven by split and 
poisoning tests, double bond migration studies, as well as electron microscopy. Using a 
chelating linker to bind to the Rh center did not prevent nanoparticle formation.  
Finally, one tetraphosphine scaffold was selected to create a surface-supported Wittig 
reagent. This was achieved in two different ways. Using the first method, the free phosphine 
of the scaffold was quaternized with benzyl bromide and subsequently transformed into the 
ylide by deprotonation. The ylide then underwent the Wittig reaction with benzaldehyde 
under optimized conditions. Approximately the same yield as for the reaction with 
Ph3P=CHPh in solution (73%) was obtained, but the E/Z ratio (84%) was substantially 
higher. The phosphine oxide byproduct of the Wittig reaction remained tethered to the 
surface with no phosphine oxide leaching into solution. The second method for generating a 
surface-bound Wittig reagent involved synthesizing the tetraylide first, then reacting three of 
the ylide groups with the the silica surface. This method produced similar results with respect 
to the Wittig reaction to those when using the first method. However, the crucial difference 
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1.1 General Introduction 
1.1.1 Immobilized Ligands and Catalysts 
 Immobilized species are important in such diverse areas as catalysis,1-15 combinatorial 
chemistry,16 solid-phase synthesis,17 surface modification,18 chromatography,19 and 
molecular motors.20 Catalysis is the focus of this thesis, and a strategic selection of new 
linkers has been applied to cleanly immobilize homogeneous catalysts on solid supports. 
These immobilized catalysts were investigated thoroughly regarding their homo- or 
heterogeneous nature and their dynamics on the support. An attempt was made to correlate 
their retention on the support with their solubility. These studies ultimately led to 
immobilized catalysts with prolonged lifetimes, and they could be recycled many times. 
Studies on the mobilities of the linker systems and tethered catalysts were additionally 
performed to enhance the basic understanding, for example, regarding the formation of 
nanoparticles, and in general of surface phenomena which have an impact on catalysis at the 
solid/liquid interface. 
 Immobilized catalysts1-15 are of immense academic and industrial interest,11a,21 because 
they can combine the advantages of homogeneous with those of heterogeneous catalysts. 
Immobilized catalysts are highly active and selective, while they can be easily separated from 
the reaction mixtures and reused for example in the next batchwise catalysis cycle. The most 
favorable support materials are silica and neutral alumina,18,22-24 and bifunctional 
monodentate phosphines23,25-27 such as Ph2P(CH2)3Si(OEt)3, or chelating phosphines
23,28-31 
like Ph2P(CH2)3PPh(CH2)3Si(OEt)3, are popular linkers. The syntheses of numerous other 
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mono-, bi-, and tridentate chelate phosphines with ethoxysilane groups have been optimized, 
and their coordination to metal centers mostly follows the expectation.23 Furthermore, the 
immobilization reaction of ethoxysilanes with oxide supports has been studied in detail.24 
Therefore, most linkers have led to very successful immobilized Ni12,32-34 and Rh1,3,4,7-10,13-
15,35 catalysts for the cyclotrimerization of acetylenes and olefin hydrogenation, respectively.   
 
1.1.2 Support Materials  
 Oxides as supports provide many advantages as compared to polymers. For example, 
their pore size in different solvents is constant,18,22 a parameter that is difficult to control with 
swellable polymers. This is why for the investigation in this thesis porous oxide supports 
have been used, so that the mobility and catalysis results are not blurred by any pore size 
variation depending on the solvents applied. Oxides are furthermore chemically and 
thermally stable in organic solvents, and their thermal conductivity prevents local 
overheating effects. From a practical point of view, it is favorable that oxides, especially with 
large particle diameters, settle quickly after the catalytic reaction, and the supernatant can 
easily be decanted without filtration or centrifugation. Because of these obvious advantages 
of oxide supports, the scope of this thesis has been limited to species immobilized on oxide 
supports such as silica and alumina. Furthermore, only immobilizations on pre-formed and 
well characterized oxide particles have been performed, since these allow better control of 
the distance of the metal centers or linkers from one another,13,14 which is not possible for 





1.1.3 Challenges of Immobilized Catalysts 
Since immobilized catalysts are immensely attractive target materials, and they get 
increasing attention regarding industrial applications, many groups have tried to improve the 
recyclabilities and lifetimes of immobilized catalysts.11,36 However, one of the recurring and 
still unsolved problems is that immobilized catalysts can form nanoparticles.37 Therefore, it is 
often unknown whether the catalytic reaction is propagated by the molecular, immobilized 
homogeneous catalyst, or by metal clusters or nanoparticles.38,39 Although the heterogeneous 
species are not necessarily less catalytically active,1,4,15 the formed nanoparticles often lead to 
diminished selectivity of the catalyst. Some progress has been made regarding the analysis of 
such scenarios,38,39 but there are only few successful approaches for the selective formation 
of mono- and bimetallic nanoparticles with well-defined sizes and composition, for example 
encapsulated in dendrimers,40 or intercalated in montmorillonite layers.41 One goal of this 
thesis was to understand the factors that lead to nanoparticle formation during catalysis with 
homogeneous and immobilized molecular catalysts, and how to avoid this process. 
 
1.1.4 Solid-State NMR Spectroscopy 
 For a long time progress has been hampered by the lack of readily available routine 
techniques for analyzing these amorphous materials.42 For example, the first classical 
publications on studying complexes immobilized via linkers with solid-state NMR by Fyfe43a 
remained the only articles of this kind for many years. However, in the meantime, solid-state 
NMR has evolved as a routine technique43b-f,44 and other analytical methods for solids are 
readily available as well.42 Since both linkers and catalysts immobilized on oxide supports 
are amorphous materials, for the research performed during this thesis solid-state NMR has 
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turned out to be the most versatile and powerful analytical method.1-10,15,21-35 Therefore, 
improving solid-state NMR techniques has been an endeavour parallel to catalysis. For 
example, it could be demonstrated that CP (cross polarization) measurements are not 
efficient for immobilized linkers and catalysts that contain only aryl groups due to the lack of 
alkyl protons.9,44 The aryl protons did not readily transfer their magnetization to phosphorus 
or carbon under routine conditions.9,44 Therefore, only high-power decoupling without 
magnetization transfer was applied for most samples, which allowed the efficient 
measurement of large numbers of solid samples. 
 The new HRMAS (high resolution magic angle spinning) technique that has been 
implemented recently for immobilized linkers and catalysts,1,2,4,5,7-10,23,27,46 has been tested for 
rigid linkers immobilized on silica. However, the limited mobility of these systems did not 
allow a narrow solid-state NMR signal to be detected as linkers with flexible alkyl chains 
do.1,2,4,5,7-10,23,27,45,46 Based on the results obtained during this thesis it can be concluded that 
HRMAS NMR can also be used to distinguish between mobile and immobile systems, such 
as the rigid tetraphenylelement scaffold linkers bound to silica via electrostatic interactions 
studied here.47 
 
1.2 Introduction to Specific Phosphine Linker Systems 
1.2.1 Synthesis of New Rigid Linker Systems 
 The rigid linkers 4-15 and 18 had been obtained previously using the synthesis 
displayed in Scheme 1.1 with C, Si, and Sn as the center atoms, and substituents with 





Scheme 1.1 Synthesis of tetraphosphines with tetraphenylelement cores.3,6,8,9  
 
 In this thesis, the new compounds 16 and 17 with E = Sn and R = tBu and iPr have 
additionally been synthesized and fully characterized (Scheme 1.1). In the case of 
compounds 16 and 17, it was necessary to use tBuLi to achieve complete Br/Li exchange of 
compound 3, whereas for all other compounds listed, nBuLi was sufficient. For the 
tetrabromo compounds 2 and 3 single crystal X-ray structures had already been obtained,3 
whose unit cells perfectly explain the different numbers of signals in the 29Si and 119Sn MAS 
NMR spectra of polycrystalline 2 and 3.3 Similarly interesting is the occurrence of large 
long-range couplings in the corresponding tetraphosphonium salts.8 For example, the 
phosphonium salt Sn([p-C6H4PPh2CD3]
+I-)4, derived from treating 14 with CD3I, shows a 
quintet with 5J(119Sn-31P) = 19.7 Hz in its 119Sn NMR spectrum, while for the phosphines no 
coupling is found.6,9 The general nature of this phenomenon could be confirmed with more 




Scheme 1.2 Alternative synthesis route for tetraphosphine ligands (left) and single crystal X-





 Six of the tetraphosphines have been obtained by an alternative synthesis (Scheme 1.2) 
via the p-bromophenyl phosphines 20-24.6,9 Both synthesis routes led to the clean products in 
yields of 70 to 80%. For the compounds 13 and 19, where E = Si or Sn and R = Cy, the 
syntheses had to be adjusted individually. In contrast to PPh3 all tetraphosphines, even the 
triarylphosphines, oxidize in air. An X-ray structure of the tetroxide of 13 had been obtained 
(Scheme 1.2), which provided an exact intramolecular P∙∙∙P distance, and also confirmed that 
phosphine oxides can be hygroscopic.48 
 Since oxidation processes are important when working with air-sensitive phosphines, 
and for this thesis it is necessary to avoid oxidation products, or at least know how to quickly 
identify and separate them from the phosphines, a thorough study regarding phosphine oxide 
synthesis and characterization had been undertaken.48 Selected important results are, for 
example, that phosphine oxides and their H2O2 and H2O adducts are distinctly different 
species.48a Besides their unexpectedly large chemical shift differences, the polycrystalline 
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solids give very different 31P MAS spectra.48a While there is only one isotropic line for the 
phosphine oxides, for example Ph3P=O, there are two for its H2O2 adduct (Figure 1.1, left), 
due to the number of magnetically independent P nuclei in the unit cell. For the H2O2 adduct 
of Cy3P=O a single crystal X-ray structure had been obtained (Figure 1.1, right).
48a It reveals 
a dimeric structure with two hydrogen-bonded bridging H2O2 molecules, and with all oxygen 
atoms assuming a chair conformation. This thorough study helped to identify and control the 
phosphines and their oxides during the work on this thesis. 
 
 
Figure 1.1 31P MAS (top) and wideline (bottom) spectra of (Ph3P=O)2∙(H2O2) and single 




1.2.2 Immobilization of the New Rigid Linker Systems 
 It has been confirmed in this thesis that all rigid scaffold linkers can be bound to the 
support via electrostatic interactions selectively by one, two, or three phosphonium groups.3,6-
8 The mechanism of the phosphonium group formation has been proven,7-9 and the main 
result is that the quaternization takes place by the phosphine groups scavenging an ethyl 
group from one of the residual Si(OEt) groups of the ethoxysilane linker. During the work on 
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this thesis it has been confirmed that for immobilizing the new tetraphosphine scaffolds 8, 
13, and 19 on a silica surface via three phosphonium groups, an excess of triethoxysilane is 
still needed.3,6-9 The scaffold can in all cases be selectively bound via one phosphonium 
group by modifying the silica surface with ethoxysilanes in a sub-monolayer surface 
coverage prior to the reaction with the tetraphosphines.3  
 The strength of binding of the phosphonium groups to the support8 has been 
investigated by leaching experiments using different solvents. The tetraphosphine bound to 
the support via three phosphonium groups can not be detached from the surface, even by 
treating the silica with hot protic solvents, such as MeOH.8 When the surface is impregnated 
with model phosphonium salts like [Ph3PMe]
+I-, they stay on the support with unpolar 
(pentane, hexanes, toluene) and with aprotic solvents (ether, DCM, THF), but they can be 
removed in 50 to 100% amounts when the silica is washed with very polar and protic 
solvents like acetone, MeOH, MeCN, or DMSO.8 Obviously, the number of phosphonium 
binding sites per linker molecule is crucial. The influence of the counteranion (I-, Br-, Cl-, 
BF4
-) on the leaching of the model phosphonium salts is negligible.8 Similarly, using the 
deuterated versions of the model phosphonium salts, [(p-DC6H4)3PMe]
+I- and [Ph3PCD3]
+I-, 
for 2H MAS and HRMAS studies, fast translational mobility across the surface has been 
found.8 In contrast to this, the tetraphosphine bound to the surface via three phosphonium 
groups is immobile, and the same result has been obtained with tetraphosphonium salts of the 
tetraphenylelement linkers applied to the silica surface by impregnation.8 This corroborates 
the result that the tetraphosphine scaffolds bound to silica via electrostatic interactions are 
not mobile, based on the NMR behavior towards CP/MAS and high-power decoupling.  
 The diphosphines 25 to 33 shown in Scheme 1.3 had been synthesized previously and 
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fully characterized.9,47 It had been demonstrated earlier that, depending on the reaction 
conditions, all diphosphines can be attached to a silica surface via one or two phosphonium 
groups.9,47 The leaching experiments, as described for the model phosphonium salts above 
have also been performed for 30 (Scheme 1.3), immobilized via one phosphonium group, and 
similar results have been obtained.8 Leaching takes place in polar and protic solvents when 
the binding occurs only via one phosphonium group. There is no leaching for surface-bound 
diphosphonium salts, which again speaks for the firm attachment of the tetraphosphine 
scaffold linkers to silica via three phosphonium groups per linker molecule.8 
 
 
Scheme 1.3 Synthesis of symmetric and unsymmetric diphosphines with phenyl spacers.9,47 
 
1.2.3 Immobilized Rhodium Hydrogenation Catalysts 
 Rh hydrogenation catalysts bound to a rigid diphosphine linker that is attached to the 
support via one phosphonium group could only be recycled 3 to 4 times.3 Therefore, 
diphosphine linkers with phenyl or biphenyl spacers have not been pursued as ligands for 
immobilized catalysts any further. The poor recyclability might also be due to the 
translational surface mobility of monophosphonium salts,8 which allows deactivation of the 
bound catalysts by dimerization. The possible formation of diphosphonium salts also 
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indicates, together with 2H MAS results of deuterated versions,8 that the linkers can "bend 
down" to the surface and allow decomposition of bound metal complexes at the reactive 
silica surface. However, the unsymmetric diphosphines 28 to 33 have been successfully used 
for establishing a basicity scale of phosphine groups using quasi an intramolecular standard. 
It has been demonstrated by 31P MAS that under mild reaction conditions it is always the 
more basic of the two phosphine groups that is quaternized on the silica surface in the 
presence of ethoxysilanes, while the steric hindrance of bulky substituents such as tBu or Cy 
plays a subordinate role.9  
 The most successful immobilized catalyst obtained so far is a Wilkinson-type Rh 
catalyst immobilized by the linker scaffold shown in Figure 1.2.3 This olefin hydrogenation 
catalyst can be recycled for a record 30 times in a batchwise manner. In this thesis it could be 
demonstrated that the Sn in the core of the linker did not influence the catalytic activity. 
When Si was used in the center of the scaffold linker, the analogous Rh catalyst could also be 
recycled 30 times. Therefore, this success must be due to the large footprint of the linker 
scaffolds that does not allow any contact of the metal centers and subsequent deactivation by 
dimerization (Figure 1.2). Furthermore, the scaffold sterically prevents any interaction with 
the reactive silica surface. Most noteworthy with respect to future work is that Rh 
nanoparticles have been found on the spent catalyst. For comparison, catalytic runs using 
flexible chelate phosphines have been limited to 13 cycles.13,14 Only very long alkyl chains 
matched the characteristics of a Rh catalyst immobilized by the rigid scaffolds with 30 
successful repeats of catalytic runs.1 This indicates that, in the case of linkers with alkyl 
chains of moderate lengths, the catalyst can get deactivated by contact with the surface. 
However, as compared to fully flexible chelate linkers, this scaffold is still superior, taking 
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into account that here the metal center is only bound by a monodentate phosphine. 
 
 
Figure 1.2 Structure and recycling characteristics of an immobilized Rh catalyst for the 




 Most important for the work presented here was that the formation of nanoparticles 
during catalysis with immobilized metal complexes depends on the linker. Rh nanoparticles 
always formed when linkers with flexible alkyl chains were used for the hydrogenation of 
dodecene.1,4 Hereby, the lengths of the alkyl chains (C1 to C11) did not play a crucial role.
1,4 
The heterogeneous nature of the catalyst has been determined by poisoning-, split-, and 
three-phase tests.1,4 Heterogeneous Rh catalysts also shift double bonds within olefins, in 
contrast to molecular Rh catalysts, such as ClRh(PPh3)3.
1 The time frame for the nanoparticle 
formation had been determined to be about 5 h from the start of the reaction by checking the 
double bond migration in dodecene. The nanoparticle size, as determined by TEM, was 
dictated by the pore diameter of the support.1 Interestingly, the Rh nanoparticles were highly 
active catalysts, they could be recycled 30 times in a batchwise manner,1 and they were not 
air-sensitive.4 Leaching was not detected by AAS, because the nanoparticles were stuck 
















































































































would also be formed when Wilkinson-type Rh catalysts were immobilized via the rigid 




SYNTHESIS AND CHARACTERIZATION OF NEW TETRAPHOSPHINE 
SCAFFOLDS INCORPORATING TETRAPHENYLELEMENT CORES 
 
2.1 Introduction 
As described in the general introduction of the previous chapter, linker molecules are 
important for tethering homogeneous metal complexes to oxide surfaces. The traditional 
linkers consist of an ethoxysilane group that connects with the surface and a phosphine 
moiety for coordinating a metal complex. Ethoxysilane groups form covalent bonds, for 
example, with silica surfaces, via siloxane group formation. Phosphines are favorable 
because of their coordinating power and inertness against reactive oxide surfaces.25,26 
Flexible alkyl chains bridging the ethoxysilane with the phosphine groups, however, are not 
favorable in every case, as outlined in the previous chapter. Therefore, new rigid 
tetraphosphine scaffolds incorporating tetraphenylelement cores are targeted. The binding to 
the surface is performed via electrostatic interactions after phosphonium formation of three 
of the originally four phosphine groups. In this way, one phosphine group remains on top of 
the rigid scaffold for coordinating to a metal center. The rigid nature of the scaffold linkers 
prevents dimerization of the metal complexes on the surface and interactions with the 
reactive surface. Therefore, catalysts with longer lifetimes and improved recyclability are 
expected when using the scaffold linkers. In this chapter the synthesis and characterization of 





2.2 Results and Discussion 
2.2.1 Synthesis 
As demonstrated previously, tetraphenylelement scaffolds are readily synthesized in 
good yields,3,9,47 and they can be obtained via different synthetic routes. This is important 
because certain synthetic pathways may not be possible or may be very problematic, and it is 
beneficial to have alternative routes available if indicated.  
One advantage of the route 1 synthesis (Scheme 2.1) is that different elements can be 
placed at the core. The two main elements used for the cores are silicon and tin, and the 




Scheme 2.1 General synthesis outline for generating tetraphosphine scaffolds via two 






















These scaffolds also allow one to selectively modify the substituents at phosphorus in 
the para position. The advantage of this is that each scaffold can be fine-tuned to the 
application it is needed for. One area of study in this chapter is how the scaffold can be 

























Scheme 2.2 The tetraphosphine scaffolds synthesized in this project. 
 
The scaffolds synthesized for this project are compounds 3, 12, 13, 14, and 15 
(Scheme 2.2). For all of these compounds, the synthesis of the tetraphosphine could be 
achieved using either one of the two routes outlined in Scheme 2.1. 
Route 1 involves attaching the phosphine first, then forming a tetraaryl system in the 
second step. The main advantage to this route is that certain compounds can only be made 
using this route, as Sn-C bonds are cleaved easily when using an excess of nBuLi. Therefore, 
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route 1 is sometimes necessary to synthesize a desired tetraphosphine. Another advantage is 
that this method usually requires no excess of nBuLi, which means there is no phosphine side 
product to be removed, which can prove troublesome in some cases. Also, the reactions 
performed using this route usually have slightly higher yields, although not all syntheses 
have been studied using both routes. 
Route 2 creates a tetraarylbromide in the first step, followed by tetraphosphine 
formation in the second step. The largest benefit to this route is that the intermediate 
tetrabromide is not oxygen sensitive, and can thus be handled in the open atmosphere, and 









































2.2.2 Derivatives of Compound 3 
Starting from compound 3, it was possible to synthesize the new derivatives 4, 5, 6, 7, 
and 8 (Scheme 2.3). This was partly done in an attempt to obtain a single crystal suitable to 
determine crystallographic data of any of these molecules, but this undertaking proved 
elusive despite numerous attempts. However, the derivatives could be fully characterized, 
and several interesting features were detected.  
 
 
Figure 2.1 31P NMR spectrum of compound 4 in DMSO-d6. 
  
Two phosphonium salts have been synthesized for studies of their surface mobility 
and leaching as detailed in the following chapter. An excess of methyl iodide is added to 
quaternize tetraphosphine 3 to form the tetraphosphonium salt 4 (Scheme 2.3). For the 








reaction product are very high at about 99%. Obviously, the NMR data of these two 
compounds are similar, given that they only differ in the counteranion. The 1H and 13C NMR 
spectra are consistent with expected values for analogous monophosphonium salts.26 The 31P 
NMR signal shows a significant downfield shift relative to 3 to δ = 22.46 for 4 and δ = 22.52 
for 5, consistent with the chemical shift of the monophosphine analog [Ph3PMe]
+Cl-, which 
is δ = 18.9.26 
 
 
Figure 2.2 29Si NMR spectrum of compound 4 in DMSO-d6.  
 
 
One of the more remarkable properties of compound 4 is found in the 29Si NMR 
spectrum. A long range phosphorus-silicon spin-spin coupling 5J(31P-29Si) = 1.7 Hz is 
observed. This coupling spans five bonds, and it is the largest 31P-29Si indirect coupling value 













Si) = 1.7 Hz 
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coupling pathways through the electron rich phenyl rings, and the rigid nature of the 
backbone. 
The last tetraphosphonium salt created is synthesized by the reaction of 
tetraphosphine 3 with dimethylsulfate, forming phosphonium salt 6. According to 
expectation, the NMR data very closely match those of compounds 4 and 5. 
 
 
Figure 2.3 31P NMR spectrum of compound 7 in CDCl3.  
 
Furthermore, the tetraphosphine tetroxide 7 was synthesized (Scheme 2.3) for later 
use in phosphine oxide adsorption studies.48c Compound 7 is obtained from 3 using a 
biphasic solution of methylene chloride and aqueous hydrogen peroxide. Upon removal of 
the aqueous layer, molecular sieves are added to the organic layer. This procedure for 
destroying the hydrogen peroxide adduct that forms when hydrogen peroxide is used and 







removing the residual hydrogen-bonded water follows a procedure pioneered by Hilliard.48a 
The product 7 is obtained as a white powder with a yield of 94.5%. IR analysis (Figure 2.4) 
shows that the P=O stretching band has a wavenumber of 1192 cm-1, which is close to the 
literature value of triphenylphosphine oxide in the absence of the hydrogen peroxide 
adduct.48a The absence of an OH stretching band proves that the product is water free. The 
1H, 13C, and 31P NMR spectra all have similar signal assignments compared to the values for 
triphenylphosphine oxide found in the literature.48a 
 
 




The borane adduct 8 was formed as an air-stable species that facilitates 







toluene. The yield was very high at 96% and the compound only decomposes above 320 °C. 
Additionally, 8 proved to be curiously insoluble, as only CHCl3 was able to dissolve the 
compound, and only as much as 2.1 mg/mL. Fortunately, this was sufficient for NMR 
spectroscopic characterization. The 1H and 13C NMR spectra show the expected signals. 
Regarding the 31P NMR spectrum (Figure 2.5), it is apparent that the borane is greatly 
increasing the halfwidth of the signal to ν1/2 = 44 Hz. This is expected, as boron is a 
quadrupolar nucleus (I = 3/2), which causes the 31P nucleus to undergo relaxation much more 
rapidly. The shift of δ = 20.92 is similar to that of the analogous monophosphine borane 




Figure 2.5 31P NMR spectrum of compound 8 in CDCl3. The asterisk denotes an impurity 
(Ph2P(O)Cl) in the capillary standard (Ph2PCl).  













2.2.3 Tetraphenylelement Compounds with Alternate Substituents 
Compound 3 was the first tetraphosphine that has been described in the group.47 
However, it is possible to modify the phosphines while keeping the tetraphenylsilane core to 
create tetraphosphines with different substituents at phosphorus. Previously, several such 
phosphines have been synthesized,3,6,7-9,47 but the derivative featuring a 
dicyclohexylphosphine on each phenyl ring, 12, had been elusive. Attempts to synthesize this 
compound using route 2 (Scheme 2.1) presented the problem of separating the product from 
the byproduct BuCy2P. Therefore, it is preferable to use route 1 to synthesize compound 12. 
Compound 11, as the intermediate in this process, is synthesized in the first step. This 
is accomplished by adding nBuLi to p-dibromobenzene prior to quenching with Cy2PCl. The 
product represents a clear colorless oil with a yield of 94%.9 Subsequently, the intermediate 
11 is subjected to a Br/Li exchange again, before the addition of SiCl4 forms compound 12. 
This compound is a sticky, white solid with a relatively low yield of 13.9% for the second 






Figure 2.6 31P NMR spectrum of compound 12 in C6D6.  
 
For this compound, the 31P NMR chemical shift matches the literature value of the 
analogous phosphine PhPCy2 (Figure 2.6),
52 but an interesting phenomenon occurs in the 13C 
NMR spectrum. The aryl region displays four carbon signals as expected, however, in the 
aliphatic region, six signals are observed (Figure 2.7). The reason is that the carbon pairs 
6/10 and 7/9 are diastereotopic because carbon 5 is a prochiral center (Figure 2.7). This can 
be demonstrated in a Gedanken experiment by replacing one of the carbon atoms within a 
pair by 13C. This renders both, carbon atom 5 and phosphorus, a stereocenter. Therefore, 
carbons 6 and 10, as well as carbons 7 and 9, each result in different 13C NMR signals. 
Additional proof for this feature comes from the literature.52 Schraml and coworkers applied 






an INADEQUATE pulse sequence to observe the 1J(13C-13C) couplings, and could 
demonstrate that all six different carbon nuclei reside within the same ring.52 Therefore, the 
appearance of the six carbon signals in the aliphatic region of the 13C NMR spectrum is not 
due to the presence of two cyclohexyl rings. 
 
 





Knowing this feature, one can follow through with the 1H and 13C NMR signal 















and 2.8). The 1/2/3J(31P-13C) values in the 13C NMR spectra provide additional information for 
the signal assignments. As usual for cyclic aliphatic rings, axial (a) and equatorial (e) protons 
of the methylene groups have different chemical shifts.  
 
 
Figure 2.8 Expansion of the aliphatic region of the 1H-1H COSY spectrum of compound 12 
in C6D6.   
 
 
   
Compound 12 is synthesized to incorporate a Si atom in the center. By altering the 















(Figure 2.9). Other than using SnCl4 instead of SiCl4 the synthesis works exactly the same 
way (Scheme 2.1, route 1), and the 1H, 13C, and 31P NMR data are almost identical. 
 





Other important tetraphosphines with a Sn core had been elusive previously, namely 
compounds 14 and 15. When attempting their synthesis via route 1, a complication develops 
because ClPiPr2 and ClP
tBu2 do not readily form the monobromo intermediates from the 
monolithiated precursor. Even using MeLi or a mixture of nBuLi and TMEDA could not 















nBuLi cannot be used with the tetrabromo compound 2 directly, as it cleaves the Sn-C bonds. 
Thus, a new synthetic route is needed for compounds 14 and 15, and eventually the 
tetradeutero compound Sn(p-C6H4D)4 (16).  
The suspicion is that nBuLi is sterically unencumbered enough that the nucleophilic 
butyl group can attack the core of the tetraarylstannane. To avoid this problem, the sterically 
bulky tBuLi is used to tetralithiate compound 2 without cleaving the Sn-C bonds. Then the 
chlorophosphines or D2O can be added to form the desired products.  
This change proved effective for synthesizing compounds 14 and 15. Compound 14 
has been purified by hexane extraction. The product is obtained in a yield of 64% as a white 
powder. 1H and 31P NMR spectra in C6D6 can be recorded, and the data obtained are similar 
to the literature values of the analogous compound PhPiPr2.
53 The 13C NMR data are also 
consistent with this compound.53 Figure 2.10 displays the 31P NMR spectrum of 14 as a 




 Figure 2.10 31P NMR spectrum of compound 14 in C6D6. 






Compound 15 is made using ClPtBu2, but otherwise the synthesis works in the same 
way, and the NMR data are consistent with the expected values based on the comparative 
monophosphine PhPtBu2.
54  
The last tetraarylelement scaffold synthesized, 16, is not a phosphine, but the 
tetradeuterated version of SnPh4. This compound was desired for later use in surface   Figure 
2.11 31P NMR of compound 15 in C6D6. adsorption studies, allowing 
2H NMR to investigate 
surface mobilities of adsorbed molecules.48c Using the knowledge that compound 2 can be 
lithiated with tBuLi, it is now possible to add any Lewis acid to form a new compound. This 
includes D2O, and the deuterium should bond to the aryl ring, and leave lithium hydroxide as  
 
 Figure 2.11. 31P NMR spectrum of compound 15 in C6D6. 







a byproduct. This actually occurs, and the resulting product is compound 16 (Figure 2.12). 
Although Sn satellites for the two non-quaternary carbons are seen, the signal for the carbon 
bound directly to the deuteron is not detected. 
 
 
Figure 2.12 13C NMR spectrum of compound 16 in C6D6. 
  
2.3 Conclusion 
Various tetraphenylelement scaffolds have been synthesized. These tetraarylelement 
compounds have the advantage of incorporating a rigid backbone. This feature makes them 
ideal linkers that prevent interactions of the metal complexes with the reactive silica surface 









after being immobilized, and it diminishes the probability of deactivation of the metal 
complexes by dimerization. Modifications and derivatives of these molecules can be made in 
a straightforward manner to meet the needs of the application desired. 
There are two principal routes to synthesizing these scaffolds, depending on whether 
the tetraaryl core is generated in the first or second step. Both routes are used to synthesize 
compound 3, as well as derivatives thereof. All of these compounds have been synthesized 
and characterized. The long range coupling between 31P and 29Si is particularly noteworthy.  
It is also possible to modify the scaffold by incorporating different substituents in the 
phosphine groups and to choose alternative elements from the carbon group at the core. For 
example, compounds with four dicyclohexylphosphine groups can be formed, and a Sn, or 
alternatively a Si core can be chosen. This is demonstrated for compounds 12, 13, and 14. 
For ease of purification, the phosphine is added prior to incorporating the core element. All 
of the scaffolds with cyclohexylphosphines display an interesting 13C NMR phenomenon 
where six aliphatic signals are found per cyclohexyl ring where four would be expected at 
first glance. This is due to stereocenters in the molecule. 
For synthesizing compounds 14, 15, and 16, it is necessary to use tBuLi to lithiate 
compound 2, which proves to be the only successful method of synthesis. The synthesis then 








2.4 Experimental Section 
2.4.1 General Information and Procedures 
All reactions are carried out using standard Schlenk techniques and a purified N2 
atmosphere, if not stated otherwise. Reagents purchased from Sigma Aldrich or VWR are 
used without further purification. Solvents are dried by boiling them over Na, distilled, and 
stored under N2. CH2Cl2 and hexanes are obtained from a solvent purification system. The 
silica gel used for purifications is Silicycle SiliaFlash G15 (60-200 μm particle size and 
variable pore size) and used as received without further purification. 
 
2.4.2 Instruments and Measurements 
The 1H, 13C, and 31P NMR spectra of liquids were recorded at 500.13, 125.66, and 
202.28 MHz on a 500 MHz Varian spectrometer and referenced as follows: 1H: residual 
internal CHCl3 (δ, 7.26 ppm) or benzene-d6 (δ, 7.16 ppm); 
13C: internal CDCl3 (δ, 77.23 
ppm) or benzene- d6 (δ, 128.06 ppm). 
31P NMR spectra are referenced to neat Ph2PCl (δ, 
81.92 ppm) which is placed in a capillary centered in the NMR sample tube. The 13C and 31P 
spectra are recorded with 1H decoupling if not stated otherwise. The 2H, 29Si, and 119Sn NMR 
spectra of liquids were recorded at 61.41, 79.46, and 149.09 MHz on a 400 MHz Varian 
spectrometer and referenced as follows: 2H: residual internal CHDCl2 (δ, 4.79 ppm); 
29Si: 
external hexamethyldisiloxane (δ, 6.53 ppm); 119Sn: external tetraphenyltin (δ, -130.65).49 
The solid-state NMR spectra are measured with a Bruker Avance 400 widebore NMR 
spectrometer with a multinuclear 4 mm MAS probehead. For the 31P and 29Si CP/MAS and 
MAS measurements 1H high-power decoupling was applied. The recycle delays are 3 s for 
CP/MAS and 10 s for MAS spectra.  
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IR measurements are performed using a Shimadzu IRAffinity-1 FTIR 
spectrophotometer. Melting point determinations were done using a SRS Optimelt MPA100 
Automated Melting Point System.  
 












Mol. Wt.: 1073.196 g/mol 
Tetrabromide compound 1 (1.370 g, 2.10 mmol) is dissolved in Et2O (100 mL) and 
cooled to -78 °C for 10 minutes. 2.5 M nBuli (6.72 mL, 16.8 mmol, 8.0 eq) is slowly added. 
The solution is allowed to warm to RT over 2h, then cooled to -78 °C. 
Chlorodiphenylphosphine (3.05 mL, 3.75 g, 17.0 mmol, 8.1 eq.) is added slowly, and the 
solution is gradually warmed to RT and allowed to react overnight. The Et2O is then removed 
in vacuo, and 3 is washed with hexane (3 times, 30 mL), and extracted with toluene (2x, 50 
mL). The toluene is removed in vacuo, leaving a white powder of 3 (1.309 g, 1.220 mmol, 
58.1%). 
1H NMR (C6D6, 300 MHz) 
δ = 7.50 (dd, 8H, H-2, 3J(1H-1H) = 7.9 Hz, 4J(31P-1H) = 0.9 Hz), 7.40-7.34 (m, 16H, H-6), 
7.30 (dd, 8H, H-3, 3J(1H-1H) = 7.9 Hz, 3J(31P-1H) = 7.4 Hz), 7.04-7.00 (m, 24H, H-7, H-8).  
33 
 
13C NMR (C6D6, 75.43 MHz) 
δ = 141.78 (d, C-4, 1J(31P-13C) = 14.3 Hz), 137.21 (d, C-5, 1J(31P-13C) = 11.6 Hz), 135.49 (d, 
C-2, 3J(31P-13C) = 6.1 Hz), 134.37 (d, C-6, 2J(31P-13C) = 20.1 Hz), 133.41 (d, C-3, 2J(31P-13C) 
= 18.6 Hz), 133.04 (s, C-1), 129.10 (s, C-8), 128.90 (d, C-7, 3J(31P-13C) = 7.1 Hz).  
29Si NMR (C6D6, 79.46 MHz) 
δ = -14.42 (s) 
31P NMR (C6D6, 202.28 MHz) 
δ = -5.19 (s) 
 















Mol. Wt.: 1640.952 g/mol 
Tetraphosphine 3 (0.113 g, 0.105 mmol) was combined with iodomethane (0.5 mL, 
0.8 mmol, 7.6 eq.) in dimethylsulfoxide (10 mL) and stirred overnight. The product was left 
under vacuum at 50 oC for 10 hours, leaving the white powder 4 (0.125 g, 0.0762 mmol, 
98%). 
1H NMR (DMSO-d6, 300 MHz) 
δ = 7.72-7.86 (m, 56H), 3.18 (d, H-9, 2J(31P-1H) = 14.4 Hz). 
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13C NMR (DMSO-d6, 75.43 MHz) 
δ = 137.97 (d, C-1, 4J(31P-13C) = 2.5 Hz), 137.08 (d, C-2, 3J(31P-13C) = 11.9 Hz), 134.90 (d, 
C-8, 4J(31P-13C) = 2.8 Hz), 133.25 (d, C-7, 3J(31P-13C) = 10.9 Hz), 132.75 (d, C-3, 2J(31P-13C) 
= 10.6 Hz), 130.10 (d, C-6, 2J(31P-13C) = 12.8 Hz), 122.69 (d, C-4, 1J(31P-13C) = 86.4 Hz), 
119.25 (d, C-5, 1J(31P-13C) = 88.2 Hz), 7.40 (d, C-9, 1J(31P-13C) = 55.6 Hz).   
29Si NMR (DMSO-d6, 79.46 MHz) 
δ = -14.88 (quint., 5J(31P-29Si) = 1.7 Hz). 
31P NMR (DMSO-d6, 202.28 MHz) 
δ = 22.46 
 
















Mol. Wt.: 1480.552 g/mol 
Tetraphosphonium salt 4 (0.095 g, 0.059 mmol) was combined with AgBF4 (0.049 g, 
0.25 mmol) in methanol (20 mL) and stirred for 30 min, during which time a white 
precipitate formed. The reaction mixture was then filtered, and the solvent of the supernatant 




1H NMR (DMSO-d6, 500.13 MHz) 
δ = 7.63-7.92 (m, 56H), 3.02 (d, H-9, 2J(31P-1H) = 13.3 Hz). 
13C NMR (DMSO-d6, 125.66 MHz) 
δ = 137.83 (d, C-1, 4J(31P-13C) = 2.7 Hz), 134.76 (d, C-8, 4J(31P-13C) = 2.5 Hz), 133.15 (d, C-
6, 2J(31P-13C) = 10.9 Hz), 132.67 (d, C-3, 2J(31P-13C) = 10.6 Hz), 131.67 (d, C-2, 3J(31P-13C) 
= 9.8 Hz), 129.97 (d, C-7, 3J(31P-13C) = 12.8 Hz), 122.55 (d, C-4, 1J(31P-13C) = 86.5 Hz), 
119.08 (d, C-5, 1J(31P-13C) = 88.2 Hz), 7.41 (d, C-9, 1J(31P-13C) = 55.2 Hz).   
29Si NMR (DMSO-d6, 79.46 MHz) 
δ = -14.87 (s) 
31P NMR (DMSO-d6, 202.28 MHz) 
δ = 22.52 (s) 
 
















Mol. Wt.: 1577.722 g/mol 
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Tetraphosphine 3 (0.500 g, 0.466 mmol) was reacted with dimethylsulfate (0.235 g, 
1.86 mmol) in DMF (50 mL) and stirred overnight. The solvent is removed in vacuo, leaving 
behind the product 6 as a white powder (0.694 g, 0.440 mmol, 94.4%). 
1H NMR (CDCl3, 300 MHz) 
δ = 7.10-7.90 (m, 56H), 3.12 (d, H-9, 2J(31P-1H) = 14.5 Hz). 
13C NMR (CDCl3, 75.43 MHz) 
δ = 138.36 (d, C-1, 4J(31P-13C) = 3.0 Hz), 137.86 (d, C-2, 3J(31P-13C) = 12.4 Hz), 135.12 (d, 
C-8, 4J(31P-13C) = 2.9 Hz), 133.13 (d, C-7, 3J(31P-13C) = 10.8 Hz), 133.02 (d, C-3, 2J(31P-13C) 
= 10.8 Hz), 130.46 (d, C-6, 2J(31P-13C) = 13.0 Hz), 121.34 (d, C-4, 1J(31P-13C) = 87.0 Hz), 
117.92 (d, C-5, 1J(31P-13C) = 88.6 Hz), 11.15 (d, C-9, 1J(31P-13C) = 57.1Hz).   
29Si NMR (CDCl3, 79.46 MHz) 
δ = -14.79 (s) 
31P NMR (CDCl3, 202.28 MHz) 
δ = 22.15 (s) 
 














Mol. Wt.: 1193.300 g/mol 
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Tetraphosphine 3 (0.118 g, 0.110 mmol) is stirred in dichloromethane (10 mL), 
followed by addition of H2O2 (2 mL, 35 wt%). The solution was stirred for 2 h, then the 
aqueous layer was removed with a pipette.48a Activated molecular sieves were added, and the 
solution was stirred slowly overnight. The solution was then extracted, followed by removal 
of the solvent under vacuum. The product 7 is a white powder with a yield of 0.118 g (0.104 
mmol, 94.5%).  
1H NMR (CDCl3, 500.13 MHz) 
δ = 7.66 (dd, H-3, H-6, 3J(31H-1H) = 11.5 Hz, 3J(1H-1H) = 7.9 Hz), 7.58 (dd, H-2, 3J(1H-1H) = 
8.2 Hz, 4J(31P-1H) = 3.0 Hz), 7.54 (dq, H-8, 3J(1H-1H) = 7.5 Hz, 4J(1H-1H) = 2.8 Hz) 7.45 (td, 
H-7, 3J(1H-1H) = 8.0 Hz, 4J(31P-1H) = 2.7 Hz).   
13C NMR (CDCl3, 125.66 MHz) 
δ = 136.62 (d, C-1, 4J(31P-13C) = 2.5 Hz), 136.08 (d, C-2, 3J(31P-13C) = 11.6 Hz), 134.94 (d, 
C-4, 1J(31P-13C) = 101.7 Hz), 132.09 (d, C-8, 4J(31P-13C) = 2.7 Hz), 131.98 (d, C-6, 2J(31P-
13C) = 9.9 Hz), 131.84 (d, C-5, 1J(31P-13C) = 104.4 Hz), 131.44 (d, C-3, 2J(31P-13C) = 9.5 Hz), 
128.55 (d, C-7, 3J(31P-13C) = 12.2 Hz). 
29Si NMR (CDCl3, 79.46 MHz) 
δ = -14.78 
31P NMR (CDCl3, 202.28 MHz) 






















Mol. Wt.: 1188.673 g/mol 
Tetraphosphine 3 (0.116 g, 0.108 mmol) is dissolved in toluene (20 mL). Then 
BH3·THF (1 mmol) was added and the reaction mixture stirred overnight. The solvent and 
excess borane were removed under vacuum. The product 8 remains behind as a white solid 
(0.113 g, 96%). 
1H NMR (CDCl3, 500.13 MHz) 
δ = 7.62-7.55 (m, H-2, H-3, H-6, 32H), 7.49 (td, H-8, 8H, 3J(1H-1H) = 7.3 Hz), 4J(1H-1H) = 
1.3 Hz), 7.42 (td, H-7, 16H, 3J(1H-1H) = 7.7 Hz), 3J(31P-1H) = 1.9 Hz), 1.30 (s (br), H-9). 
13C NMR (CDCl3, 125.66 MHz) 
δ = 136.32 (d, C-3, 3J(31P-13C) = 9.7 Hz), 135.80 (d, C-1, 4J(31P-13C) = 2.1 Hz), 133.25 (d, C-
6, 2J(31P-13C) = 9.7 Hz), 132.52 (d, C-2, 3J(31P-13C) = 9.3 Hz), 132.07 (d, C-4, 1J(31P-13C) = 
56.0 Hz), 131.44 (d, C-8, 4J(31P-13C) = 2.3 Hz), 128.87 (d, C-7, 3J(31P-13C) = 10.2 Hz), 
128.54 (d, C-5, 1J(31P-13C) = 58.0 Hz). 
29Si NMR (CDCl3, 79.46 MHz) 
δ = -14.76 
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31P NMR (CDCl3, 202.28 MHz) 
δ = 20.92 (br), Δν1/2 = 43.7 Hz 
Melting Point 
320 °C (decomp.) 
Solubility 
2.13 g/L (CHCl3) 
 















Mol. Wt.: 1121.577 g/mol 
Compound 11 (0.335 g, 0.514 mmol) was dissolved in Et2O (100 mL) and cooled to -
78 °C for 10 minutes. 2.5 M nBuLi (1.65 mL, 4.13 mmol, 8.0 eq.) was added and the reaction 
mixture was warmed to RT for 2 h. The reaction mixture was cooled to -78 °C for 10 
minutes, and chlorodicyclohexylphosphine (0.96 g, 4.12 mmol, 8.0 eq.) was added. The 
solution was stirred overnight, then the Et2O and butyldicyclohexylphosphine were removed 
in vacuo. Dry silica was added to remove phosphine oxide after dissolution in toluene, and 
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the product was extracted three times with 30 mL of toluene. The product 12 was recovered 
as a sticky, white solid (0.080 g, 0.071 mmol, 13.9%). 
1H NMR (C6D6, 500 MHz) 
δ = 7.67 (d, H-2, 3J(1H-1H) = 7.6 Hz), 7.47 (t, H-3, 3J(1H-1H) = 7.6 Hz, 2J(31P-1H) = 6.8 Hz), 
1.87 (m, H-5, H-6eq), 1.65 (m, H-7eq, H-10eq), 1.56 (m, H-8eq), 1.54 (m, H-9eq), 1.20 (m, H-
6ax, H-7ax), 1.10 (m, H-9ax, H-10ax), 0.90 (m, H-8ax). Signals were assigned using the 
chemical shift values for dicyclohexylphenylphosphine and triphenylphosphine.48a 
13C NMR (C6D6, 125.7 MHz) 
δ = 137.73 (s, C-1), 136.26 (d, C-2, 3J(31P-13C) = 6.6 Hz) 136.18 (d, C-4, , 1J(31P-13C) = 93.7  
Hz), 134.65 (d, C-3, 2J(31P-13C) = 18.2 Hz), 32.76 (d, C-5, 1J(31P-13C) = 13.7 Hz), 30.30 (d, 
C-6, 2J(31P-13C) = 16.5 Hz), 29.29 (d, C-10, 2J(31P-13C) = 7.7 Hz), 27.52 (d, C-7, 3J(31P-13C) 
= 12.1 Hz), 27.28 (d, C-9, 3J(31P-13C) = 7.2 Hz), 26.65 (s, C-8).  
29Si NMR (C6D6, 79.46 MHz) 
δ = -15.11 (s) 
31P NMR (C6D6, 202.4 MHz) 
δ = 2.15 (s) 
31P CP/MAS NMR (νrot = 10.0 kHz) 
δ = 2.62 (s) 
29Si CP/MAS NMR (νrot = 10.0 kHz) 
δ = -14.28 (s) 
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Mol. Wt.: 1212.201 g/mol 
Compound 11 (1.3673 g, 3.87 mmol) is dissolved in Et2O (100 mL) and cooled to -78 
oC for 10 minutes. 2.5 M nBuli (1.54 mL, 3.85 mmol, 1 eq) is slowly added. The solution is 
warmed to RT over 2h, then cooled to -78 °C. Tetrachlorostannane (0.252 g, 0.967 mmol, 
0.25 eq.) is dissolved in pentane (10 mL) and added slowly, and the solution is gradually 
warmed to RT and allowed to react overnight. The Et2O is then removed in vacuo, and 13 is 
extracted 2 times with pentane (30 mL). The pentane is then removed in vacuo, leaving 13 
behind as a white powder (0.760 g, 64%). 
1H NMR (C6D6, 500.13 MHz) 
δ = 7.63 (8H, H-2, 3J(1H-1H) = 7.1 Hz), 7.50 (8H, H-3, 3J(1H-1H) = 7.1 Hz, 3J(31P-1H) = 6.8 
Hz), 1.89 (8H, H-5, s), (8H, H-6eq, s), 1.68 (8H, H-7eq, s), 1.66 (8H, H-10eq, s), 1.56 (8H, H-
9eq, s), 1.49 (8H, H-8eq, s), 1.22 (8H, H-6ax, s), (8H, H-7ax, s), 1.12 (8H, H-9ax, s), 1.11 (8H, 
H-10ax, s), 0.95 (8H, H-8ax, s). 
13C NMR (C6D6, 125.76 MHz) 
δ = 138.57 (C-1, s), 137.14 (C-2, 3J(31P-13C) = 6.6 Hz, 2J(119Sn-13C) = 22.1 Hz, 2J(117Sn-13C) 
= 15.3 Hz), 135.36 (C-3, 2J(31P-13C) = 19.1 Hz, 3J(119Sn-13C) = 34.6 Hz, 3J(117Sn-13C) = 32.2 
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Hz), 128.89 (C-4, 3J(31P-13C) = 96.3 Hz), 32.90 (C-5, 1J(31P-13C) = 13.8 Hz), 30.36 (C-6, 
2J(31P-13C) = 16.6 Hz), 29.29 (C-10, 2J(31P-13C) = 8.0 Hz), 27.51 (C-7, 3J(31P-13C) = 12.1 
Hz), 27.28 (C-9, 3J(31P-13C) = 7.2 Hz), 26.34 (C-8, s). 
119Sn NMR (C6D6, 148.97 MHz) 
δ = -125.92 (quint., 5J(119Sn-31P) = 11.6 Hz). 
31P NMR (C6D6, 202.28 MHz) 
δ = 2.35 (s) 
 













Mol. Wt.: 891.690 g/mol 
1.5 M tBuLi (0.70 mL, 1.1 mmol, 10 eq.) is added to a solution of 2 (0.0808 g, 0.1088 
mmol) in diethyl ether (80 mL) at -78 °C. Then the reaction mixture was allowed to warm up 
and stirred at room temperature for 1 h. After cooling to -78 °C, chlorodiisopropylphosphine 
(0.304 g, 1.99 mmol, 18.3 eq.) was added, and the solution was stirred overnight. Then the 
solvent was removed in vacuo. The product was purified by extraction with toluene, and by 
heating the product in vacuo at 120 oC for 2 hours. The product 14 was recovered in as a 
sticky, white solid (0.0760 g, 0.0852 mmol, 78.3%). 
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1H NMR (C6D6 , 499.69 MHz)  
δ = 7.64 (dd, 8H, H-2, 3J(1H-1H) = 8.0 Hz, 4J(31P-1H) = 1.0 Hz), 7.47 (dd, 8H, H-3 , 3J(1H-
1H) = 8.0 Hz, 3J(31P-1H) = 6.5 Hz), 1.94 (ds, 8H, 3J(1H-1H) = 7.0 Hz, 2J(31P-1H) = 1.3 Hz), 
1.04 (dd, 8H, 3J(1H-1H) = 7.0 Hz, 3J(31P-1H) = 14.8 Hz), 0.89 (dd, 8H, 3J(1H-1H) = 6.9 Hz, 
3J(31P-1H) = 11.1 Hz).  
13C NMR (C6D6, 125.66 MHz)  
δ = 138.25 (s, C-1, 1J(119Sn-13C) = 124.1 Hz, 1J(117Sn-13C) = 119.7 Hz), 136.69 (d, C-2), 
3J(31P-13C) = 6.5 Hz, 2J(119Sn-13C) = 24.7 Hz, 2J(117Sn-13C) = 22.4 Hz), 134.81 (d, C-3, 
2J(31P-13C) = 6.5 Hz, 3J(119Sn-13C) = 34.9 Hz, 3J(117Sn-13C) = 33.9 Hz), 128.88 (d, C-4), 
1J(31P-13C) = 96.1 Hz), 22.64 (d, 1J(31P-13C) = 13.4 Hz), 19.63 (d, 2J(31P-13C) = 18.6 Hz), 
18.65 (d, 2J(31P-13C) = 9.0 Hz).  
31P NMR (C6D6, 202.28 MHz) 
δ = 9.94 (s).  
119Sn NMR (C6D6, 148.97 MHz) 
















Mol. Wt.: 1004.086 g/mol 
1.5 M tBuLi (0.70 mL, 1.1 mmol, 10 eq.) is added to a solution of 2 (0.0808 g, 0.1088 
mmol) in diethyl ether (80 mL) and cooled to -78 °C. The reaction mixture was stirred at 
room temperature for 1 h, then cooled to -78 °C. Chlorodi-tert-butylphosphine (0.304 g, 1.99 
mmol, 18.3 eq.) was added, and the solution was stirred overnight. The solvent was removed 
in vacuo. The product was purified by extraction with toluene, and by heating the product in 
vacuo at 120 oC for 2 hours. The product 15 was recovered in as a sticky, white solid (0.0760 
g, 0.0852 mmol, 78.3%). 
1H NMR (C6D6 , 499.69 MHz)  
δ = 7.52 (t, 8H, H-3, 3J(1H-1H) = 7.2 Hz, 3J(31P-1H) = 7.2 Hz), 7.22 (d, 8H, H-2 , 3J(1H-1H) = 
7.2 Hz), 0.98 (d, 36H, H-6 , 3J(31P-1H) = 11.7 Hz). 
13C NMR (C6D6, 125.66 MHz)  
δ = 138.25 (s, C-1), 138.40 (d, C-4), 1J(31P-13C) = 25.1 Hz), 136.27 (d, C-3, 2J(31P-13C) = 
22.9 Hz), 132.73 (d, C-2), 3J(31P-13C) = 8.0 Hz), 32.15 (d, C-5), 1J(31P-13C) = 23.4 Hz), 30.87 
(d, C-6), 2J(31P-13C) = 14.9 Hz). 
31P NMR (C6D6, 202.28 MHz) 
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δ = 39.04 (s).  
119Sn NMR (C6D6, 148.97 MHz) 
δ = -123.21 
 









Mol. Wt.: 431.150 g/mol 
1.5 M tBuLi (0.75 mL, 1.1 mmol, 10 eq.) is added to a solution of 2 (0.083 g, 0.111 
mmol) in 80 mL diethyl ether, cooled to -78 °C. The reaction mixture was stirred at room 
temperature for 1 h, then cooled to -78 °C. D2O (0.50 mL, 25.0 mmol, 225 eq.) is added and 
the reaction mixture is stirred overnight. Then the solvent was removed in vacuo and the 
product was cleaned by washing with toluene. The product 16 was recovered as a white 
powder (0.041 g, 0.095 mmol, 85.7%).  
1H NMR (C6D6, 499.69 MHz)  
δ = 7.61 (d, 8H, H-2), 3J(1H-1H) = 8.0 Hz), 7.16 (d, 8H, H-3, 3J(1H-1H) = 7.9 Hz).  
2H NMR (C6D6, 61.32 MHz)  
δ = 7.34.  
13C NMR (C6D6, 125.66 MHz)  
δ = 138.25 (s, C-1), 137.63 (s, C-2, 2J(119Sn-13C) = 18.9 Hz, 2J(117Sn-13C) = 18.1 Hz), 128.90 
(s, C-3, 3J(119Sn-13C) = 26.0 Hz, 3J(117Sn-13C) = 24.8 Hz).  
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119Sn NMR (C6D6, 148.97 MHz)  
δ = -128.44(s). 
2H MAS NMR (C6D6, 61.32 MHz) 





PHOSPHONIUM SALTS:  
IMMOBILIZATION ON SILICA, LEACHING, AND SOLUBILITY  
 
3.1 Introduction 
Surface chemistry has always been an important area of scientific study and it has 
grown rapidly in previous decades, with applications in catalysis, materials chemistry, the 
separation sciences, nanotechnology, surfactants, polymers, and medicine.11,16-19 Most of the 
surface species and their behaviors are amenable to solid-state NMR which is a powerful 
analytical method to investigate amorphous materials.43 Different optimized pulse sequences 
and techniques allow the selective measurements of oxide or polymer supports, adsorbed or 
covalently bound species, or salts bound to surfaces via electrostatic interactions. 
Furthermore, dynamic effects, coordination chemistry and reactivity can be investigated with 
the corresponding techniques (see Introduction, Chapter I).23  
As described in the previous chapter, tetraphosphines with rigid tetraphenyl element 
cores can be applied as linkers for tethering homogeneous catalysts to solid oxide supports 
such as silica. In a first step, the tetraphosphines have to be immobilized on the support. This 
is done in situ using an ethoxysilane reagent to form a phosphonium salt on the surface, as 
described previously.3,47 During the reaction of the ethoxysilanes with the silica surface 
phosphines are quaternized to phosphonium groups by taking up ethyl groups from the 
activated ethoxysilane moieties.26 The counteranions of the generated ethylphosphonium 
groups are siloxide anions which are covalently bound to the silica surface. Due to the 
tetrahedral sterics of the tetraphosphines only maximally three of the phosphines per 
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molecule can form phosphonium salts and be bound to the surface. In this way, the linker 
scaffold stands upright on the surface, bound via three "legs", while one phosphine group 
remains to coordinate to a metal complex.3 
The principle of this immobilization reaction has been demonstrated for 
tetraarylphosphines with a Sn core previously, and a highly active and recyclable Wilkinson-
type Rh catalyst has been obtained.3 However, it could not be excluded at that time that the 
Sn core did not enhance the activity of the catalyst, for example, by activating the hydrogen 
prior to its binding to the metal center. Therefore, in this thesis, several analogous linker 
scaffolds with inert Si cores that do not interact with hydrogen, were synthesized and 
investigated. Furthermore, the substituents at phosphorus were varied in order to explore, for 
example, the electronic influence of dialkylarylphosphine groups on the catalytic activity. 
One advantage of using a linker molecule containing four phosphine groups is that it 
can be immobilized via one, two, or three phosphonium groups. The first phosphonium group 
can form on any surface site where an ethoxysilane group has been bound. The second 
phosphine has the first phosphonium group as a fixed pivot point, but rotation about that 
point is feasible and the second phosphonium formation can take place at any point on a 
circle with the given radius, as illustrated in Figure 3.1. Since two points are set, the third 
phosphonium group can only form at two locations on the surface (Figure 3.1, right). 
Therefore, an excess of ethoxysilane reagent has to be applied for threefold bonding to 
ensure the presence of an active ethoxysilane group at least at one of the two surface sites 













Figure 3.1 Representation of the immobilization of the second phosphonium group (left) and 
the third phosphonium group (right).  
 
 
For the purposes of this project, the binding to the support via three phosphonium 
groups is preferred, as the resulting large footprint ensures sufficient spacing between the 
remaining phosphine groups, so that the coordinated metal complexes cannot become 
deactivated by dimer formation.13 Additionally, due to the rigid nature of the scaffold, the 
metal centers are kept away from the reactive surface and in this way decomposition of the 
catalysts is diminished (Figure 3.2). Binding the tetrahedral scaffold with only one or two 
phosphonium groups to the surface would still allow contact with the surface, as the 
electrostatic interactions with the surface are not directional. Therefore, catalyst deactivation 
occurs faster.3  
Although immobilized homogeneous catalysts have shown their merits over the past 
decades and have led to a catalyst with unprecedented lifetime and optimal recyclability,3 
some challenges remain. One of them involves the leaching of the catalyst into solution, 
leading to the loss of metal catalyst and diminished catalytic activity of the remaining 
material. This leaching can occur due to detachment of the metal center from the phosphine 
ligand, as recently investigated with Pd complexes tethered to silica via chelate phosphine 
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linkers.27b This scenario is less likely for Rh complexes of the Wilkinson type that are studied 
in this thesis.1,3 However, leaching can also be the result of linker detachment from the 
support, which ultimately leads to a loss of metal complexes. Since the tetraphosphine linkers 
and bonding by electrostatic interactions are still a relatively new concept, this type of 
leaching has been investigated in the thesis in more detail. 
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Figure 3.2 Schematic representation showing how the new rigid linker scaffolds prevent the 
deactivation pathways of rhodium complex dimerization and contact with the silica surface. 
 
 
Another area of study relating to surface chemistry involves the dynamic properties of 
phosphonium salts on supports. In order to illuminate issues of metal complex dimerization 
on the surface it is important to understand the underlying principle. One possibility is that 
the linker molecules are mobile on the surface. Ethoxysilane linkers that are covalently 
bound via siloxane bonds are stationary at their surface site.13 However, previous work 
suggested that electrostatic interactions of phosphonium salts, in case their counteranions are 
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Figure 3.3 Depiction of the four types of motion possible for a model phosphonium salt on a 
silica surface, namely (left to right) translational motion, spinning, rolling, and “hopping” on 
the surface.  
 
 
However, the nature of the motion remains unclear, as there are various manners in 
which an object might move on a surface (Figure 3.3). It could, for example, slide 
translationally in two dimensions across the surface with the molecular reorientation not 
being limited to one surface site. Alternatively, a phosphonium salt could spin in place like a 
top, roll across the surface like a tumbleweed, or, in the presence of a solvent, leach into 
solution before getting reattached to the surface.  
By using solid-state NMR and solubility studies, in conjunction with previous data, it 
should be possible to better understand the nature of this molecular motion. If solubility data 
correlate with the molecular motion, it would strongly suggest that the motion observed 
involves detachment from the surface in the presence of a solvent. If there is no correlation, 
the mobility should only occur while the phosphonium salt resides on the surface. This 
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phenomenon has been described for adsorbed metallocenes55 and phosphine oxides48a,c 
earlier. 
The last area of analysis presented in this chapter involves leaching of surface-bound 
materials into solution in the presence of different solvents. As mentioned above, in the field 
of immobilized catalysts, this is of vital importance as a means of ensuring that the catalyst is 
not being removed from the surface into solution during the catalytic cycle. Although it has 
previously been demonstrated that phosphonium salts without covalent attachment to the 
support are leached off of silica in polar solvents,8 the newer type of immobilized 
tetraphosphines has never been probed. Therefore, the novel phosphonium salts formed on 
silica in situ by the reaction of tetraphosphines with rigid tetraphenylsilane cores with an 
excess of ethoxysilanes will be suspended in a variety of representative solvents, and the 
leaching will be quantified. 
 
3.2 Results and Discussion 
3.2.1 Immobilization of Scaffolds 
Previously, it has been shown that phosphines can be immobilized onto oxide 
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molecules per 100 
nm2 of surface 
mg of linker/complex  
per g of SiO2 
mmol of 
linker/complex  
per g of SiO2 
3i 3.0 48 0.045 
12i 3.8 47 0.042 
13i 3.2 42 0.034 
18i 2.6 19 0.031 
 
 
The tetraphosphine ligands 12 and 13 have been synthesized by procedures described 
in Chapter II. Compounds 3, 12, and 13 were immobilized on silica using 3-
chloropropyltriethoxysilane to generate the phosphonium groups binding 3i, 12i, and 13i to 
the support via electrostatic interactions (Scheme 3.1). Another material generated was 18i, 
which has been described previously.46 The synthesis was performed for this thesis using the 
same procedure. One pending question was if a chelating phosphine ligand would result in a 
stronger attachment to the metal center, which could result in slower deactivation of the 
catalyst. In addition to the work presented by Merckle,13,14 one can compare chelating linkers 
with the monodentate linker scaffolds. Therefore, it was desired that the immobilization 
would proceed until the scaffold was immobilized via three phosphonium groups, as 
described above.  
Table 3.1 provides the surface coverages for all immobilized linkers. The surface 
coverages for 3i, 12i, and 13i are lower than those usually determined for immobilized 
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linkers with alkyl chains.23 Because the base of the scaffold with three tethered phosphonium 
centers spans about 13 Å in diameter, the surface cannot be loaded as fully with the scaffolds 
as with smaller linkers.1-5,8-10,13,14,46 Generally, all linkers are immobilized completely, 
leaving no excess linker in the supernatant after the immobilization. 18i has been applied in a 
lower surface coverage on purpose to ensure that dimerization of the metal centers did not 
occur during catalysis.  
In the field of immobilized catalysts, solid-state NMR is the primary tool for 
characterizing amorphous supports and surface-bound species. The 31P solid-state NMR 
spectra displayed in Figures 3.4, 3.5, and 3.6 show that the immobilizations proceeded 
cleanly, and only traces of oxidic byproducts are formed. This can occur during the 
measurements which take typically several hours in a rotor with Kel-F caps that are not 





Figure 3.4 31P CP/MAS (top) and MAS (bottom) NMR spectra of 3i. νrot = 10 kHz. 
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The two pulse programs mainly used in this thesis are simple high-power proton 
decoupling in combination with Magic Angle Spinning (MAS) and cross polarization/magic 
angle spinning (CP/MAS). Cross polarization involves the transfer of magnetization from the 
proton reservoir to phosphorus nuclei, resulting in shorter measurement times due to shorter 
recycle delays and higher intensities of the signals. The main drawback is that the relative 





signal intensities are no longer reliable, as the 31P nuclei closer to alkyl protons get a boost in 
intensity, while those with only aryl groups in the vicinity do not. MAS NMR spectra are 
recorded with no magnetization transfer and only high-power 1H decoupling. Together with 
long relaxation delays MAS gives more reliable intensity data. This effect is experimentally 
known, and is demonstrated here in all Figures 3.4, 3.5, and 3.6, when comparing the 
intensities of signals stemming from ethylphosphonium and phosphine groups. Using 
CP/MAS, the signals of the ethylphosphonium groups around 25 to 30 ppm experience a 
boost in intensity, because the ethyl protons easily transfer their magnetization to the 31P 
nucleus. The signals of the phosphine groups, where the 31P nucleus is only surrounded by 
aryl protons, remain comparatively small. Only when MAS, in combination with a long 






Figure 3.6 31P CP/MAS (bottom) and MAS (top) NMR spectra of 13i. νrot = 10 kHz. 
 
Concerning compound 18i, it can be seen from the 31P solid-state NMR spectrum in 
Figure 3.7 that the expected 31P chemical shift of δ = -26.85 is attained,46 resulting from the 
two equivalent free phosphine groups. There are no phosphonium peaks, as this compound is 
immobilized by reacting the silanol groups of the surface with the ethoxysilane compound 18 
MAS 
CP/MAS 
← δ (ppm) 
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to form a covalent bond, so phosphorus is not involved in the immobilization. Figure 3.7 
shows that 18i has been generated successfully. 
 
 
Figure 3.7 31P MAS NMR spectrum of 18i. νrot = 6 kHz. The asterisk denotes a rotational 




A selection of four different methyltriarylphosphonium salts, as depicted in Scheme 
3.2, was studied. These specific salts were chosen to test 1) how the anion affects solubility 
and 2) whether there would be any cooperative effects on the solubility which may result 
from having four phosphonium moieties within one molecule. From the results outlined in 
← δ (ppm) 
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Table 3.2 and depicted in Figure 3.8, one can see that nonpolar solvents are basically unable 
to dissolve these inorganic salts. As the polarity of the solvent increases, the salt generally 























Scheme 3.2 Four representative phosphonium salts for solubility tests in various solvents.  
 
 
In general, one expected result is that the tetraphosphonium salts are less soluble than 
their corresponding monophosphonium analogs. This is understandable, given that there are 
four ionic moieties in one molecule. It is also evident, given the similarity of solubilities of 
mono- and tetraphosphonium salts relative to a solvent, that there is no intramolecular 










Table 3.2 Solubility data of phosphonium salts in various solvents. 
 
  Solubility (mg/mL) 
  [MePPh3]
+ I− [MePPh3]+[BF4]− Compound 4 Compound 5 
Toluene 0.0004 0.0003 0.0002 0.0002 
Ether 0.0013 0.0005 0.00024 0.00029 
DCM 360 320 185 180 
THF 0.52 0.73 0.387 0.281 
Acetone 29 471 11.9 74 
MeOH 527 391 140 136 
MeCN 288 297 126 122 
DMSO 177 172 83 83 
 
 
Changing the anion from BF4
− to I− had very little effect for the same cation in a 
given solvent. An oddity in the results occurs with the discrepancy between the solubility of 
the phosphonium salts in acetone being much more soluble with a tetrafluoroborate 
counteranion as compared to an iodide anion (Table 3.2, Figure 3.8). It was suspected that 
the acetone contained traces of water, which resulted in hydrogen bonding between the water 
and the fluorine atoms. However, the solubilities remained unchanged even when using 
acetone that has been dried thoroughly. Therefore, the increased solubility is more likely the 
result of intermolecular interactions between the tetrafluoroborate anion and the acetone, 
although the nature of the interactions is unknown. It might be speculated that the 
nucleophilic fluorine atoms of the BF4






 Figure 3.8 Solubilities of different phosphonium salts in selected solvents.  
 
The data can also be compared with the dynamic properties of phosphonium salts on 
surfaces investigated by the Bluemel group previously.8 The 31P HRMAS spectra of the 
phosphonium salts in the presence of solvents were recorded. The halfwidths of the 31P 
signals were determined, because in general a smaller halfwidth indicates a higher mobility. 
All mono- and tetraphosphonium salts were more mobile on the silica surface in the presence 
of polar solvents.8 However, the nature of this motion remained unknown. If the salts were 
moving by being leached off of the surface into solution, then dropping back down, that 
should correlate with the solubility of the phosphonium salts.  
As shown in Figure 3.8 the solubilities of phosphonium salts generally correlate with 
solvent polarity, as would be expected. However, any correlation with the surface mobilities 
determined by 31P HRMAS is not obvious.8 DMSO results in the highest surface mobility,8 
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but the phosphonium salts are only about half as soluble in this solvent as in methanol. 
Additionally, dichloromethane, THF, and acetone lead to similar mobilities, but they display 
very different solubilizing qualities. Based on this comparison, it can be concluded that the 
hopping motion (Figure 3.3) is not the primary form of surface mobility, and that the 
mobility of the phosphonium salts is likely some combination of translational motion, 
spinning, and rolling on the surface. 
 
3.2.3 Leaching 
Information about the interactions of the phosphonium groups with the surface is vital 
with respect to later potential leaching issues of the catalysts. Previously, the Bluemel 
research group has measured the HRMAS spectrum of the Sn analog of the immobilized 
species 3i.8 No signal has been observed, meaning that phosphines immobilized using SiO2 
and ethoxysilanes exhibit no mobility on the surface, even in the presence of a solvent.   
The next question is whether any solvent is capable of leaching the scaffold from the 
support. Previous results indicate that phosphonium salts impregnated on the surface of the 
SiO2 remain adsorbed in the presence of nonpolar and aprotic solvents. However, the 
phosphonium salts are washed off by more polar solvents.8 This would only apply to 
impregnated phosphonium salts, where the anion is not covalently bound to the surface. It 
remains to be seen if this applies even to phosphonium salts immobilized on the surface 
using ethoxysilanes.  
31P NMR was used to measure the amount of leached phosphorus species in the 
supernatant solutions. A constant amount of 3i was placed in an NMR tube, along with a 
given volume of a solvent. For all solvents, this was done in the same NMR tube. 16 hours 
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were allowed to give the solvent an opportunity to leach the linker off of the support. Then a 
capillary containing chlorodiphenylphosphine was placed in the center of the NMR tube as a 
chemical shift and intensity standard. By measuring the intensity of the signal of the 
phosphonium peaks that result in the supernatant and comparing them to a calibration curve, 




Figure 3.9 Leaching studies of impregnated phosphonium salts on the surface of silica.8 
 
Eight solvents have been tested on 3i with a range of polarities: toluene, diethyl ether, 
dichloromethane, THF, acetone, methanol, acetonitrile, and DMSO. 31P NMR shows no 
signal for any of the supernatants (Figure 3.10). This is true even though the limit of 
detection for this method would be around 3% of the linker being leached off. This shows 
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that the linker scaffold is not leaching into the solvent and should also stay on the support 
during the catalytic runs. 
 
 
Figure 3.10 31P NMR spectra of the eight leaching experiments. No phosphonium peaks in 




3.2.4 Dynamic Properties 
From previous work in the group it is known that various compounds, including 
alkanes, fullerenes, and metallocenes can be mobile on favorable surfaces.55 In contrast, 
compounds which cannot align with the surface of the support due to steric reasons, such as 
tetraphenylmethane, dicarbonyl bis(triphenylphosphine)nickel, and triptycene, are immobile 
on the surface of silica. 55 
Based on this, it is not expected that compound 16, a tetradeuterated derivative of 
tetraphenyltin, which is very similar sterically to tetraphenylmethane, would be mobile on the 
surface. However, after adsorbing an excess of compound 16 onto silica by removing solvent 
from a dissolved suspension of 16 with silica, 2H solid-state NMR reveals the formation of an 
intensive center signal without rotational sidebands (Figure 3.11), indicative of translational 
movement of the substance on the surface which leads to the elimination of quadrupolar 
interactions.55b In the figure, there is an excess of 16 relative to the amount of silica needed to 
form a monolayer, which means there is still some polycrystalline 16 left in the sample. This 
is why there are sidebands in addition to the isotropic peak at δ = 7.84, the presence of which 
is very apparent in Figure 3.11. It remains unknown why this molecule moves on the surface, 
given that similar molecules and the analogous deuterated tetraphenylmethane do not, or 
what type of motion is occurring. One explanation could be that tetraphenyltin reacts with the 
silica surface, forming deuterated benzene, for example, by hydrolysis. Planar aromatic 
systems and benzene in particular are very mobile on silica surfaces and this could result in 
the narrow signal observed (Figure 3.11). However, after washing the silica, compound 16 




Figure 3.11 2H MAS spectrum (Hahn Echo) of polycrystalline compound 16 (bottom) and 
compound 16 adsorbed on silica (top). The excess of the compound remains polycrystalline 









The tetraphosphine scaffolds synthesized in chapter II can be immobilized onto silica 
using ethoxysilanes. 31P solid-state NMR confirms the immobilization is occurring via three 
immobilized phosphonium groups, leaving one free phosphine that will eventually be 
coordinated to a catalyst or transformed into a reagent. The chelating compound 18 has been 
synthesized and immobilized for comparison with the monophosphines of the surface-bound 
scaffold linkers. 
Monophosphonium salts are mobile on surfaces in the presence of solvents. To 
determine the modes of mobility, four salts were checked regarding their solubility, and 
whether this correlates with the 31P HRMAS linewidths. There was no strong correlation, and 
therefore the hopping mechanism could be ruled out with respect to the surface mobility of 
phosphonium salts.  
Furthermore, while simply impregnated phosphonium salts can be leached off the 
surface, they are not detached after being immobilized with ethoxysilanes, as in these cases 
the counteranions are covalently tethered to the support. This was demonstrated by placing 
batches of 3i in eight different solvents, where less than 3% leaching occurred, even in very 
polar solvents like DMSO, as determined by 31P NMR. 
Finally, the tetradeuterated derivative of tetraphenyltin, 16, was found to be mobile 
on the silica surface. 2H solid-state NMR revealed the formation of an intensive center signal 
without rotational sidebands, indicative of translational mobility of the substance on the 





3.4 Experimental Section 
3.4.1 General Information and Procedures 
The 1H, 13C, and 31P NMR spectra of liquids were recorded at 499.70, 125.66, and 
470.17 MHz on a 500 MHz Varian spectrometer and referenced as follows. 1H: residual 
internal CHCl3 (δ, 7.26 ppm) or benzene-d6 (δ, 7.16 ppm); 
13C: internal CDCl3 (δ, 77.23 
ppm) or benzene-d6 (δ, 128.06 ppm). 
31P NMR spectra are referenced to neat Ph2PCl (δ, 
81.92 ppm) which is placed in a capillary centered in the NMR sample tube. The 13C and 31P 
NMR spectra are recorded with 1H decoupling if not stated otherwise.  
All reactions are carried out using standard Schlenk techniques and a purified N2 
atmosphere, if not stated otherwise. Reagents purchased from Sigma Aldrich or VWR are 
used without further purification. Toluene, diethyl ether, and THF are dried by boiling them 
over Na, distilled, and stored under N2. CH2Cl2 is obtained from a solvent purification 
system. Acetonitrile, acetone, and methanol are recondensed and dried over molecular sieves 
(3 Å pore size). DMSO is degassed and dried over molecular sieves (3 Å pore size). The 
silica (Merck, 40 Å average pore diameter, 0.063 to 0.2 mm average particle size, specific 
surface area 750 m2/g) is rigorously dried in vacuo at 250 °C for 4 days to remove adsorbed 
water and condense surface silanol groups.  
 
3.4.2 Instruments and Measurements 
The solid-state NMR spectra are measured with a Bruker Avance 400 widebore NMR 
spectrometer with a multinuclear 4 mm MAS probehead. For the 31P CP/MAS and MAS 
measurements 1H high-power decoupling was applied. For 29Si, the Hartmann-Hahn 
matching condition was optimized using tetrakistrimethylsilylsilane at 5 kHz, and for 31P, the 
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Hartmann-Hahn matching condition was optimized using sodium monohydrogen phosphate. 
The recycle delays are 5 s for CP/MAS and 10 s for MAS spectra. For the 2H Hahn-Echo 
measurements, liquid D2O was used as a standard, and the recycle delay was 2 s. 
 
3.4.3 General Procedure for Solubility Measurement 
A weighed amount of a phosphonium salt is placed in a vessel. Using a micropipette, 
one of the eight solvents is added until all of the solid is dissolved, and the total volume 
needed is recorded. 
 
3.4.4 Immobilization of Tetraphosphine Scaffold 3 
O O O OO O











Tetraphosphine linker 3 (0.059 g, 0.055 mmol) is dissolved in toluene (50 mL). This 
solution is added to a suspension of SiO2 (1.483 g) in toluene (10 mL). An excess of 3-
chloropropyltriethoxysilane (1.31 mL, 5.51 mmol, 100 eq.) is added, and the flask is sealed 
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and vented. The reaction mixture is heated for 6 d at 100 °C. Then the flask is cooled to RT 
and the solid is allowed to settle. The solution is decanted, and the product 3i is washed with 
toluene (2x, 40 mL), leaving the pure product 3i (1.506 g, 3.0 particles/100 nm2, 48 mg/g, 
0.045 mmol/g). No phosphorus signal is observed in the supernatant by 31P NMR.  
 
3.4.5 Immobilization of Tetraphosphine Scaffold 12 
O O O OO O










Tetraphosphine linker 12 (0.071 g, 0.063 mmol) is dissolved in toluene (50 mL). This 
solution is added to a suspension of SiO2 (1.343 g) in toluene (10 mL). An excess of 3-
chloropropyltriethoxysilane (3.00 mL, 12.5 mmol, 198 eq.) is added, and the flask is sealed 
and vented. The flask is then heated for 6 d at 100 °C. Subsequently, the flask is cooled to 
RT and the modified silica is allowed to settle. The solution is decanted, and the product 12i 
is washed with toluene (2x, 40 mL), resulting in the product 12i (1.137 g, 3.8 particles/100 




3.4.6 Immobilization of Tetraphosphine Scaffold 13 
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Tetraphosphine linker 13 (0.082 g, 0.068 mmol) is dissolved in toluene (50 mL). This 
solution is added to a suspension of SiO2 (1.673 g) in toluene (10 mL). An excess of 3-
chloropropyltriethoxysilane (3.00 mL, 12.5 mmol, 184 eq.) is added, and the flask is sealed 
and vented. The reaction mixture is then heated for 6 d at 100 °C. After this time, the flask is 
cooled to RT and the insoluble material is allowed to settle. The supernatant is decanted, and 
the product 13i is washed with toluene (2x, 40 mL), yielding the product 13i (1.972 g, 3.2 
particles/100 nm2, 42 mg/g, 0.034 mmol/g). No phosphorus signal is observed in the 

















Phosphine 18 (0.056 g, 0.091 mmol) is dissolved in toluene (50 mL). This solution is 
added to a suspension of SiO2 (2.782 g) in toluene (10 mL). The flask is sealed and vented. 
The reaction mixture is then heated for 3 d at 60 °C. After this time, the flask is cooled to RT 
and the solid is allowed to settle. The supernatant is decanted, and the product 18i is washed 
with toluene (2x, 50 mL), resulting in 18i (2.925 g, 2.6 particles/100 nm2, 19 mg/g, 0.031 
mmol/g). No phosphorus signal is observed in the supernatant by 31P NMR. 
 
3.4.8 Representative Procedure for Leaching Measurements  
0.100 g of the immobilized species 3i are placed into an NMR tube and suspended in 
0.500 mL of a chosen solvent. After waiting for 1h, the supernatant is removed and 
transferred to a new NMR tube. The capillary standard ClPPh2 is added, and the NMR 
spectrum is obtained without locking or shimming. For all eight solvents, the same NMR 
tube and the same capillary standard were used. The integral of the phosphonium signal 




3.4.9 Adsorption of Compound 16 onto Silica 
Compound 16 (0.102 g, 0.237 mmol) is dissolved in THF (20 mL). Wet SiO2 (0.244 
g) is added to this solution. The THF is then removed in vacuo, leaving compound 16 
adsorbed onto SiO2 (0.367 g, 77.7 particles/100 nm





CATALYSTS IMMOBILIZED ON SILICA 
VIA RIGID TETRAPHENYLELEMENT SCAFFOLDS 
 
4.1 Introduction 
Catalysis is one of the most widely used and studied fields both in industry and 
academia. One of the most important catalytic chemical processes in the modern world is 
hydrogenation, as it plays a very important role in the petrochemical, medical, and food 
industries.56 
The most common molecular hydrogenation catalysts is Wilkinson’s catalyst, a Rh-
based catalyst developed by Dr. Geoffrey Wilkinson. Wilkinson’s catalyst, ClRh(PPh3)3, can 
also be used for the hydroboration or hydrosilylation of alkenes or the reduction of 
unsaturated carbonyl compounds, but its principal use is in the hydrogenation of alkenes. 
Wilkinson’s catalyst, and similar Rh catalysts, remain among the most studied homogeneous 
catalysts for hydrogenation.56 
In order to differentiate catalysts, it is necessary to draw a distinction between 
homogeneous and heterogeneous catalysts. Homogeneous catalysts are usually highly active 
and selective, in general well understood and characterized, and capable of fine tuning to a 
specific reaction. However, these same catalysts often decompose under the reaction 
conditions or during work-up and can only rarely be recovered and recycled for subsequent 
reactions. Alternatively, heterogeneous catalysts are often cheaper to produce and are very 
conveniently separated and reused. However, they are usually less active and selective due to 
the presence of many different species which display different activities and selectivities.  
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An immobilized catalyst combines the advantages of both homogeneous and 
heterogeneous catalysts. The idea is to tether a homogeneous catalyst to support materials 
such as zeolites, activated carbon, oxides like silica or alumina, or insoluble polymers. For 
most applications, silica turns out to be the most favorable support.22 The immobilized 
catalyst, once tethered, can retain the selectivity and much of the reactivity of the 
homogeneous catalyst and overcome the problem of separation and recycling.  
Immobilized species have had a major impact in such diverse areas as combinatorial 
chemistry, solid-phase synthesis, and catalysis. Therefore, they are of immense academic and 
industrial interest. Being recyclable, immobilized catalysts reduce energy and resource 
consumption, and help to make chemistry "greener". Many analytical methods are available 
that enable the researcher to characterize surface-bound catalysts, elucidate their mechanistic 
features, and thus direct the researcher to improved catalysts. The most useful methods are 
solid-state NMR, in situ IR spectroscopy, X-ray powder diffraction, electron microscopy, and 
methods for probing surface and particle characteristics.15,42 
In industry, hydrogenation is catalyzed by heterogeneous late transition metals, like 
Ni or Pd. Although this is effective at fully hydrogenating alkenes, it also leads to double 
bond migration, as well as isomerization about the double bond if the alkenes are only 
partially hydrogenated, as depicted in Scheme 4.1. Wilkinson’s catalyst, a homogeneous 
catalyst with its well defined reaction mechanism (Scheme 4.1, left), does not allow this, but 
it cannot be recycled after each batchwise run, and must be separated in tedious processes 
from the reaction product after catalysis. It is hoped that, by immobilizing Wilkinson’s 
catalyst on silica, it will retain its selectivity and activity, while being easily separable from 




Scheme 4.1 Mechanism of hydrogenation of alkenes to alkanes with both the dihydride 
formation for homogeneous Wilkinson’s catalyst (left) and the Langmuir-Hinshelwood 




One potential complication that can occur during catalysis with immobilized Rh 
catalysts involves the formation of Rh nanoparticles. Previously, it has been observed that 
other derivatives of immobilized Wilkinson’s catalyst bound with flexible linkers decompose 
to form Rh nanoparticles in the pores of the support material during catalysis.1,4 It is believed 
that the principal pathway of decomposition for this is interaction of the catalyst with the 
surface of the silica support in combination with dimerization of the metal complexes.13 
Therefore, the rigid linker scaffolds presented here should be optimal to prevent this 
interaction. It is hoped that their unique tetrahedral sterics will prevent nanoparticle 
formation. 
The major goals of this project are (1) to synthesize an immobilized version of 
Wilkinson’s catalyst using a rigid tetraphenylelement linker on SiO2, (2) to use the catalyst to 




in a batchwise manner, optimally indefinitely without decomposition or byproduct formation 
of the catalyst. 
 
4.2 Results and Discussion 
4.2.1 General Aspects of Catalytic Hydrogenation 
For hydrogenation, the alkene to be hydrogenated is 1-dodecene (Scheme 4.2), which 
is used for several reasons. First, it is an alkene that can be readily hydrogenated to form 
dodecane. Second, NMR can be used to monitor the reaction. Furthermore, due to the fact 
that the boiling point of 220 °C for both the alkene and alkane are too high to be removed in 
vacuo, determining exact yields without loss of starting material or product will be 
straightforward, for example, by GC. Due to the high boiling points NMR samples can 
simply be prepared by removing the solvent in vacuo, then adding a deuterated solvent. 
Third, by choosing a terminal alkene, double bond migration can be readily observed with 




Scheme 4.2 Reaction scheme showing 1-dodecene being hydrogenated to dodecane in the 






Scheme 4.3 Compound 10, which is used to measure cooperative effects in hydrogenation 




4.2.2 Cooperative Effects 
Wilkinson’s catalyst is very active for hydrogenation, and its activity is dependent on 
its concentration in solution. However, it remains unclear if this is due to any cooperative 
effects of the catalyst which might occur at higher concentrations. In the case of four Rh 
centers bound to one rigid tetraphenylelement linker the question arises whether the presence 
of one Rh center on the scaffold affects the other Rh centers and whether there is a 
consequent difference in the catalytic activity. To test this, compound 3 was added to a batch 
of Wilkinson’s catalyst, creating compound 10 (Scheme 4.3) and the hydrogenation was 
allowed to proceed under the standard conditions (see Experimental Section).1,10,15 The data 
was then compared to those obtained from a catalytic run with an equal amount of 
Wilkinson’s catalyst, along with one equivalent of added phosphine. The catalysis, 
summarized in Figure 4.1, shows no cooperative effects, as the catalytic characteristics are 






Figure 4.1 Hydrogenation of 1-dodecene using Wilkinson’s catalyst with added compound 
3, compared with hydrogenation of 1-dodecene using Wilkinson’s catalyst with an equal 
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Scheme 4.4 Immobilized Wilkinson-type catalysts 3iRh, 12iRh, 13iRh, and 18iRh. 
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4.2.3 Synthesis of Immobilized Catalysts 
The immobilized catalysts 3iRh, 12iRh, 13iRh, and 18iRh (Scheme 4.4) can be 
generated by ligand exchange with Wilkinson’s catalyst starting from the immobilized linker 
scaffolds. Hereby, the catalyst attaches to the linker via phosphine ligand exchange, as the 
phosphine of the linker replaces a triphenylphosphine ligand of Wilkinson’s catalyst. The 
released PPh3 can be removed from the solid product by washing with toluene. 
 
4.2.4 Characterizing the Immobilized Catalysts 
All immobilized Wilkinson-type catalysts could be characterized by solid-state NMR 
spectroscopy, as described above for the immobilized linkers. The signals of immobilized 
metal complexes are in general broader due to the presence of trace amounts of paramagnetic 
impurities. Furthermore, in the case of Wilkinson's catalyst several magnetically slightly 
different 31P environments come into existence, which leads to overlapping signals. 
However, the characteristic patterns of immobilized Wilkinson-type complexes are known 






Figure 4.2 31P CP/MAS (bottom) and MAS (top) NMR spectra of 3iRh. Rotational speed 10 
kHz. 
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As can be seen from the 31P solid-state NMR spectra shown in the previous chapter, 
material 3i contains three phosphonium groups (δ = 23 ppm), along with one free phosphine 
(δ = -5 ppm). There is a small shoulder downfield from the phosphonium peak, representing 
a phosphine oxide impurity accrued during the immobilization of the linker or the 
measurement. After adding Wilkinson’s catalyst, it is observed that the free phosphine peak 
disappears, leaving three overlapping peaks (Figure 4.2). Besides the signal from traces of 
phosphine oxide, the phosphonium resonance, and the signals of phosphines coordinated to 
Rh are compiled at around δ = 25 ppm. This result is in agreement with earlier descriptions35 
and it confirms that the ligand exchange and generation of the immobilized catalyst 3iRh 
have taken place. As another indicator for the successful immobilization, the color of the 
silica support changed from white to bright orange, indicative of the presence of an originally 
wine red Rh(I) complex on the surface.  
For 12iRh, the 31P NMR peaks shift, as the phenyl groups attached to the phosphine 
group are replaced by cyclohexyl groups (Figure 4.3). The immobilized version of the linker 
12i contains three phosphonium groups (δ = 29 ppm), along with one free phosphine (δ = 2 
ppm), as described in the previous chapter. After adding Wilkinson’s catalyst, it is observed 
that the signal of the uncoordinated phosphine disappears, leaving three overlapping 
resonances around δ = 28 ppm. These stem from traces of phosphine oxide, the surface-
bound phosphonium groups, and the phosphine coordinated to Rh. The absence of the 
phosphine and the characteristic shift of the resonance of the metal bound phosphine group 
confirm that the ligand exchange was quantitative and the immobilized metal complex 12iRh 
had formed. For this material, compared to 3iRh, there is a slightly larger phosphine oxide 
peak, as cyclohexyl phosphines are more oxygen-sensitive than phenyl phosphines due to 
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increased electron donation from the cyclohexyl groups to phosphorus. This results in a more 
basic compound, which reacts with ambient oxygen more readily. This same increase in 
basicity also means the ligand exchange proceeded easier than for 3iRh, as the linker binds to 
the Rh center more strongly. The color change of the support from white to orange once 
again corroborates the assumption that 12iRh has been generated successfully. 
 
 
Figure 4.3 31P CP/MAS (bottom) and MAS (top) spectra of 12iRh. Rotational speed 10 kHz. 










O O O OO O














Figure 4.4 31P CP/MAS (bottom) and MAS (top) spectra of 13iRh. Rotational speed 10 kHz. 
 
13iRh was synthesized from 13i using the same procedure as applied for the other 
two rigid scaffolds 3iRh and 12iRh. The 31P solid-state NMR chemical shifts are almost 
identical to those of 12iRh, as the compounds have similar substituents at phosphorus 
(Figure 4.4). The disappearance of the free phosphine peak, as well as the characteristic color 
change of the material after the ligand exchange, were again observed. 
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Figure 4.5 31P CP/MAS (top) and MAS (bottom) spectra of 18iRh. Rotational speed 10 kHz. 
 
18iRh was generated from 18i, which has been previously synthesized and 
characterized by the Bluemel group.46 In 31P solid-state NMR 18i displays only one 
phosphine signal at δ = -29 ppm, which is close to the value in solution. The immobilization 
of the catalyst proceeds in the same way discussed previously, but the solid-state NMR 
spectrum looks very different. As the immobilization occurs without phosphonium groups, 
there are only two phosphorus peaks at about 30 ppm, which are overlapping (Figure 4.5). 
 












4.2.5 Catalysis with Immobilized Wilkinson-type Complexes  
The immobilized catalyst 3iRh hydrogenated 1-dodecene at room temperature. It is 
noteworthy that there was no induction period during the first cycle. The catalyst could be 
recycled for an additional 29 cycles, until the catalysis was stopped (Figure 4.6). 1H NMR 
was used to confirm the absence of any olefins in the supernatant for each cycle, ensuring 
complete hydrogenation. Also, gas chromatography is sometimes used to ensure complete 
hydrogenation. The catalysis would likely have continued indefinitely, but for the fact that 
some 3iRh is lost with each washing, causing the rate of catalysis to slow down. It is also 
noteworthy that the catalyst changed color during the catalysis from a light orange to a dark 







Figure 4.6 Batchwise hydrogenation runs of 1-dodecene using catalyst 3iRh in toluene at 




To gauge the nature of the catalytically active species, a series of tests on the used 
catalyst were performed. The first of these is known as a split test, wherein catalysis is 
allowed to proceed in a standard manner until about 50% conversion, then it is stopped. The 
immobilized catalyst settles to the bottom of the flask, leaving a supernatant above it. 
Subsequently, half of the supernatant is extracted and filtered into a new tube, while half 
remains with the solid. Catalysis is allowed to continue on each sample, which should 
demonstrate if the catalyst is being leached off of the support into solution during catalysis, 





































The results of the split test (Figure 4.7) show that the catalysis proceeds in the usual 
way until it was stopped after about 15 hours. From here, the supernatant with the 
immobilized catalyst proceeded to the finish of ~75%, which is expected, as some of the 1-
dodecene was removed during the split. The most important finding is that the filtered 
supernatant did not catalyze any hydrogenation, meaning that the catalyst is not leaching off, 































The active catalyst remaining on the support could be still homogeneous in nature, 
being tethered to the silica by the linker. Alternatively, nanoparticles could have come into 
existence, which would be deposited on the support and act like a heterogeneous catalyst. 
Therefore, it is desirable to know if exposure to oxygen impacts the performance of the 
catalyst. The homogeneous Wilkinson’s catalyst is oxygen sensitive and decomposes quickly 
to inactive species upon exposure to oxygen. Metal catalysts, in particular Rh nanoparticles, 
on the other hand, are robust towards oxygen.1,4 To test whether the catalyst had changed in 

























separately in toluene in open flasks for two hours. After this time, 1-dodecene is added, and 








It is clear from the catalysis curves displayed in Figure 4.8 that the used catalyst is not 
affected by exposure to oxygen, while the pristine catalyst is rendered catalytically inactive. 
This indicates that at the beginning the catalyst is homogeneous, but in later runs the active 
species most likely consists of Rh nanoparticles resulting from the reduction of Wilkinson’s 
catalyst with hydrogen.1,4 
Next, a poisoning test was performed to confirm the presence of nanoparticles by 

























used for several runs. DBCOT functions as a ligand for a homogeneous, molecular Rh 
catalysts, but will not bind to a metal surface. Therefore, a nanoparticle catalyst should not be 
affected by the poisoning agent. When a catalytic cycle is performed without DBCOT 
addition, and subsequently carried out with DBCOT, it is possible to distinguish whether the 
catalyst is homogeneous or heterogeneous in nature. The catalysis curves in Figure 4.9 are 
practically identical and show no deceleration in the catalytic activity between the two 
samples. This corroborates the assumption that nanoparticles form in the course of catalysis. 
 
 
Figure 4.10 1H NMR spectra showing (from top to bottom) an expansion of the alkene 
region of the starting alkene, the supernatant after 100% conversion of the 30th cycle, the 
alkene after 50% conversion using homogeneous Wilkinson’s catalyst, and the alkene after 









Another reason to suspect nanoparticle formation is the migration of the double bond 
within the alkene. 1-Dodecene, a terminal alkene, was used so that any migration of the 
double bond, resulting from the process outlined in Scheme 4.1, can be easily observed by 1H 
NMR. In Figure 4.10 the alkene regions of the 1H NMR spectra of the products are shown. 1-
Dodecene has three distinct olefin 1H NMR signals: one bound to the internal carbon of the 
alkene (red), one for the terminal hydrogen cis to the first hydrogen (green), and one that is 
trans to the first hydrogen (blue). Almost completely absent in the top spectrum are the peaks 
in the middle, which represent hydrogens on internal double bonds (purple). There are 
multiple internal positions available in dodecene, which is why there are many overlapping 
peaks. The top spectrum represents the olefin before any exposure to the catalyst. The second 
spectrum from the top in Figure 4.10 shows that after the 30th cycle, there are no more olefin 
protons, meaning that the catalyst is still completely hydrogenating 1-dodecene even after 30 
cycles. The bottom two spectra show the different outcomes from Wilkinson’s catalyst in its 
homogeneous form and the aged immobilized catalyst 3iRh. Homogeneous Wilkinson’s 
catalyst shows only little double bond migration after 50% conversion, represented by the 
relatively small intensity of the signals at δ = 5.41 ppm. However, in the bottom spectrum, 
after applying the aged catalyst 3iRh for 50% conversion, almost all of the double bonds 
have migrated to an internal position. This double bond migration also indicates that aged 





Figure 4.11 TEM images of the pristine catalyst 3iRh (left), aged catalyst 3iRh before 




The presence of nanoparticles was also confirmed using TEM imaging. The TEM of 
the pristine catalyst shows no nanoparticles, while the spent catalyst displays nanoparticles 
that are clearly visible in Figure 4.11. This serves to confirm what was suspected from visual 
observation of the catalyst after catalysis was begun, where the catalyst changed color from 
orange to dark brown. Interestingly, the nanoparticles generated in the oxygen-free 
conditions tended to be a uniform size of about 3-4 nm, as seen in the histogram in Figure 
4.12. This is significant because the silica support used has an average pore size of 4 nm, 
which strongly suggests that the nanoparticles are forming in the pores of the silica. This also 
explains the extraordinary longevity of the catalyst. The size of the particles was larger for 
the catalyst after exposure to oxygen, as shown in Figure 4.12. However, the size of the 
nanoparticles does not seem to be crucial for the catalytic activity in this diameter range, as 







Figure 4.12 Histograms of the size distribution of nanoparticles found for aged catalyst 3iRh 




With catalyst 12iRh the hydrogenation of 1-dodecene proceeded over 15 cycles 
before it was terminated (Figure 4.13). However, it was necessary to heat the sample to 50 °C 
for catalysis to start. This could possibly be explained by the increased basicity of the 
dicyclohexylphosphine ligand that is bound to the metal. Obviously this diminishes the 
catalytic activity of the complex. Regardless, after a slow first cycle, it was apparent that the 
color of the catalyst was changing from orange to dark brown. After this, subsequent cycles 
proceeded at an accelerated rate relative to the first cycle. Therefore, it can be concluded that 
the nanoparticles are catalytically more active than the initial homogeneous immobilized Rh 









To confirm the heterogeneous nature of the catalyst in the aged material 12iRh, a 
split test was performed, as described above for 3iRh. For this split test, unlike with 3iRh, it 
was necessary to filter the supernatant at 50 °C to more closely mimic the catalytic 
conditions. It can easily be observed that catalysis proceeds with the immobilized catalyst 
present in the sample (Figure 4.14). For the filtered supernatant, however, irrespective of 
some fluctuation due to measurement errors, there was no residual catalytic activity. As with 
3iRh, this means that there is no catalytically active species in the supernatant, and all Rh 





























Figure 4.14 Split test characteristics for the hydrogenation of 1-dodecene with the aged 




Next, the used catalyst was exposed to oxygen, and its catalytic activity was 
compared with that of the pristine catalyst after oxygen exposure. In Figure 4.15 it can be 
seen that the pristine catalyst displays no catalytic activity after being exposed to oxygen, 
while the used catalyst remains catalytically active after exposure to oxygen. Therefore, one 
can conclude that the aged catalyst consists of Rh nanoparticles, while the pristine catalyst is 































Figure 4.15 Catalytic activities of the aged catalyst and the pristine catalyst 12iRh after 
exposure to ambient oxygen. 
 
  
For catalyst 13iRh the catalysis characteristics were very similar to those of 12iRh, as 
the catalyst was recyclable, but required 50 °C to initiate the catalytic reaction (Figure 4.16). 
This catalyst could be recycled ten times, but was stopped due to time reasons. It is also 
similar in that the color changed from orange to dark brown during the first cycle, which 



























Figure 4.16 Hydrogenation cycles of 1-dodecene with catalyst 13iRh in toluene. All runs 
were performed at 50 °C.  
 
  
Again, a split test was performed on catalyst 13iRh to check whether any active 
species is present in the supernatant during catalysis. As in the previous cases, the reaction 
was stopped after 50% conversion, and the catalyst was allowed to settle. Half of the 
supernatant was filtered at 50 °C, while the other half remained with the catalyst. While the 
supernatant did not display any residual catalytic activity, the solid material went on to 






























Figure 4.17 Split test curves of catalyst 13iRh for the hydrogenation of 1-dodecene. 
 
Next, the aged catalyst was exposed to oxygen, and its catalytic activity was 
compared to that of the pristine catalyst after oxygen exposure. In Figure 4.18 it can be seen 
that the pristine catalyst displays no catalytic activity after being exposed to oxygen, while 
the aged catalyst remains catalytically active after exposure to oxygen. From this, it seems 
again likely that the recycled catalyst is comprised of Rh nanoparticles. 
The final catalyst studied is 18iRh, which is the only catalyst that features a chelating 
functionality and a flexible, alkyl chain in the linker. The base of the linker is also much 
smaller, which could result in Rh dimerization if the linkers are loaded onto the surface too 
densely. For this reason, a low surface coverage of 2.5 particles/100 nm2 is applied. 
When tested for hydrogenation activity, the reaction did proceed at room temperature. 

























little hydrogenation occurring during the first four hours. However, as the color started to 
change, the hydrogenation accelerated. By the second and third cycle, the catalyst had about 
the same activity as the previous catalysts bound via rigid linkers. The catalyst could be 
recycled an additional 7 times, however, there was still substantial activity during the tenth 
cycle. As with 3iRh, it is suspected that the decrease in activity over time is the result of loss 
of 18iRh particles when washing between cycles. Again, the catalyst changed color from 
orange to dark brown, indicating the formation of Rh nanoparticles.1,15 It seems clear that 








Again, a split test was performed on catalyst 18iRh to check whether any active 

























was stopped after partial conversion, and the catalyst was allowed to settle. Half of the 
supernatant was filtered at 50 °C, while the other half remained with the catalyst. While the 
supernatant did not display any residual catalytic activity, even after 96 hours, the solid 









The next test consists of exposing the aged catalyst 18iRh to oxygen, and comparing 
its catalytic activity to the pristine catalyst after oxygen exposure. It can be seen in Figure 





























while the used catalyst remains catalytically active after exposure to oxygen. Therefore, it is 











































A new class of immobilized catalysts, 3iRh, 12iRh, and 13iRh, consisting of a linker 
featuring four phosphine moieties with a rigid tetraphenylelement core, has been synthesized. 
The catalyst can be added to the immobilized scaffold via a simple ligand exchange, leaving 
a catalyst that is incapable of dimerization or surface contact. 31P solid-state NMR confirms 
that the product is formed, as the free phosphine peak vanishes. 
These new catalysts can easily be recycled almost indefinitely, they work at very low 
temperatures, have no active species being leached into the supernatant, and are resistant to 
oxidation. The only functional difference between the catalysts is that 12iRh and 13iRh 

























room temperature. Unfortunately, the catalyst is reduced during this process, resulting in the 
formation of Rh nanoparticles. Importantly, it could be demonstrated that the core element of 
the scaffold linker, Si or Sn, plays no part in catalysis. 
The last catalyst synthesized was 18iRh, which is distinct from the other catalysts 
because it does not feature a rigid linker, and the Rh center was coordinated in a chelating 
manner. The catalyst is added to the linker via a ligand exchange, and the product is 
characterized using solid-state NMR. The catalyst is effective at room temperature, but also 
forms nanoparticles before any catalytic activity can commence. Therefore, it can be 
concluded that using a chelating linker to bind to the Rh center did not prevent nanoparticle 
formation.  
 
4.4 Experimental Section 
4.4.1 General Information and Procedures 
All reactions are carried out using standard Schlenk techniques and a purified N2 
atmosphere, if not stated otherwise. Reagents purchased from Sigma Aldrich or VWR are 
used without further purification. Toluene is dried by boiling over Na, distilled, and stored 
under N2. The silica (Merck, 40 Å average pore diameter, 0.063 to 0.2 mm average particle 
size, specific surface area 750 m2/g) is rigorously dried in vacuo at 250 °C for 4 days to 
remove adsorbed water and condense surface silanol groups. 
4.4.2 Instruments and Measurements 
The 1H and 31P NMR spectra of liquids were recorded at 499.70 and 202.28 MHz on 
a 500 MHz Varian spectrometer and referenced as follows. 1H: residual internal CHCl3 (δ, 
7.26 ppm). 31P NMR spectra are referenced to neat Ph2PCl (δ, 81.92 ppm) which is placed in 
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a capillary centered in the NMR sample tube. The 31P NMR spectra are recorded with 1H 
decoupling if not stated otherwise.  
The solid-state NMR spectra are measured with a Bruker Avance 400 widebore NMR 
spectrometer with a multinuclear 4 mm MAS probehead. For the 31P CP/MAS and MAS 
measurements 1H high-power decoupling was applied. For 29Si, the Hartmann-Hahn 
matching condition was optimized using tetrakistrimethylsilylsilane at 5 kHz, and for 31P, the 
Hartmann-Hahn matching condition was optimized using sodium monohydrogen phosphate. 
The recycle delays are 5 s for CP/MAS and 10 s for MAS spectra.  
 





















Mol. Wt.: 4073.731 g/mol 
Tetraphosphine 3 (0.054 g, 0.050 mmol) was dissolved in toluene (20 mL). 
Wilkinson’s Catalyst (0.186 g, 0.201 mmol) in toluene (30 mL) added and stirred overnight. 
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The crude product is filtered through Celite, then the solvent is removed in vacuo, leaving an 
orange powder 10 (0.187 g, 0.046 mmol, 92.0%). 
 
4.4.4 General Procedure for Catalyst Immobilization 
ClRh(PPh3)3 (56 mg, 0.060 mmol), dissolved in 30 mL of toluene, was added to a 
slurry of the functionalized silica 3i (1.3247 g, 0.060 mmol ligand) in 10 mL of toluene. The 
mixture was stirred overnight at RT, then the silica was allowed to settle and the supernatant 
was removed. The catalyst-containing silica 3iRh was washed with toluene (3×10 mL) and 
dried in vacuo for 2 h. The supernatant and the washing portions were combined and the 
solvent was removed in vacuo, and 31P NMR verified that only liberated PPh3 was present in 
solution. 
 
4.4.5 General procedure for the catalytic hydrogenation 
The immobilized catalyst 3i (225 mg, 0.010 mmol Rh) was added to 5 ml of toluene 
in a Schlenk flask. Then the Schlenk flask was attached to the standardized hydrogenation 
apparatus35 and warmed up to 60 °C. The apparatus was allowed to stand under H2 prior to 
catalysis in order to make sure that H2 is not lost due to leakage. Additionally, any loss of H2 
after 100% conversion of the substrate was monitored and excluded. To start the catalysis, 1 
mmol of 1-dodecene, dissolved in 1 ml of toluene, was added to the suspension through the 
stopcock via syringe. Then the suspension was stirred vigorously with a magnetic stir bar and 
the hydrogen uptake was monitored. After complete consumption of the hydrogen the silica 
was allowed to settle, the supernatant was removed and the silica was washed with toluene 
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(2×10 mL). The supernatant was analyzed by 1H NMR to confirm quantitative conversion of 
the olefin to dodecane.  
 
4.4.6 Procedure for the split test 
Immobilized catalyst 3iRh (225 mg, 0.010 mmol Rh) was added to 5 mL of toluene 
in a Schlenk flask. Then the Schlenk flask was attached to the standardized hydrogenation 
apparatus.35 To start the catalysis 1-dodecene (1 mmol, dissolved in 1 mL of toluene) was 
added. The hydrogen consumption was monitored and after ca. 40% conversion the hydrogen 
reservoir was disconnected and the silica support was allowed to settle. Then 3 mL of the 
supernatant were removed with a syringe and filtered through a filter paper. Both the 
remaining reaction mixture with the silica support and the filtered supernatant were 
reconnected to separate hydrogenation apparatuses, and the hydrogen consumption was 
monitored for both samples. After the hydrogen uptake had stopped, for both cases the 
reaction mixtures were analyzed by 1H NMR. 
 
4.4.7 General Procedure for Catalysis after Oxygen Exposure 
The immobilized catalyst 3iRh (225 mg, 0.010 mmol Rh), either pristine or recycled, 
was stirred in 5 mL of toluene in an open Schlenk flask for 2 h at RT. The Schlenk flask was 
attached to the standardized hydrogenation apparatus.35 Then 1 mmol of 1-dodecene, 
dissolved in 1 ml of toluene, was added to the slurry through the stopcock via syringe. While 
the mixture was stirred, the hydrogen uptake was monitored. After complete conversion the 
silica was allowed to settle down. Then the supernatant was removed and the silica was 
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washed with toluene (2×10 mL). The supernatant was analyzed by 1H NMR to confirm 100% 
conversion. 
 
4.4.8 Catalyst Poisoning Experiment with DBCOT 
The immobilized catalyst 3iRh (225 mg, 0.010 mmol Rh) was stirred in 5 mL of 
toluene in a Schlenk flask. Then dibenzo[a,e]cyclooctatetraene DBCOT (4 mg, 0.020 mmol) 
was added and the mixture was stirred for 2 h at RT. The Schlenk flask was attached to the 
standardized hydrogenation apparatus.35 Then 1 mmol of 1-dodecene, dissolved in 1 ml of 
toluene, was added to the slurry through the stopcock via syringe. While the mixture was 
stirred, the hydrogen uptake was monitored. After complete conversion the silica was 
allowed to settle. Then the supernatant was removed and the silica was washed with toluene 





SYNTHESIS, CHARACTERIZATION, AND PERFORMANCE 
OF AN IMMOBILIZED WITTIG REAGENT 
 
5.1 Introduction 
A rapidly growing area of modern chemistry is the field of surface-supported 
reagents,17,57 which involves tethering a reagent onto an insoluble support via a linker. This 
has been performed for a range of organic and inorganic reactions, including reductions,57a 
oxidations,57b and brominations.57c 
There are many advantages of binding a reagent to a solid surface. First, these 
reagents can be easily removed from reaction mixtures by filtration, in contrast to a reagent 
in solution, which would have to be removed by column chromatography, precipitation, 
distillation, recrystallization, or some form of extraction. Another advantage of surface-
bound reagents is that, in some cases, excess reagent can be used to drive reactions to 
completion that otherwise would not go to 100% conversion, while there is no complication 
brought about by the removal of the excess reagent. Additionally, the reagent on a solid 
support may react differently, perhaps more selectively, after being placed on a surface. A 
final advantage is that the reagents could potentially be reused, which makes the reagent 
more efficient and environmentally friendly.11c,17 
The Wittig reaction58 is a well-known and important transformation in organic 
chemistry, discovered by Georg Wittig in 1954. It is the reaction of an aldehyde or ketone 
and a triarylphosphonium ylide, also known as a Wittig reagent, resulting in a new alkene 
and a phosphine oxide as the products (Schemes 5.1, bottom, and 5.2).58 This reaction can be 
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used to create double bonds at one specific position in the molecule. Therefore, the Wittig 
reaction is much more favorable than, for example, elimination reactions which produce a 
mixture of isomers with various locations for the double bond. 
The goals of this project are 1) to determine optimal reaction conditions and reagents 
for a Wittig reaction that can be applied to a surface-supported system later, 2) to synthesize 
a surface-supported Wittig reagent using the rigid, immobilized scaffold, and 3) to analyze 
the outcome of the Wittig reaction for the benefits of better understanding surface-supported 
reactions in general.  
Although this reaction is effective in solution, it has the obvious disadvantage of 
having the desired product along with the phosphine oxide byproduct in solution. The 
phosphine oxide has to be removed from the reaction mixture, for example, by tedious and 
expensive column chromatography. If the ylide were bound to an insoluble support (Scheme 
5.1), this step could be avoided, as the solution containing the alkene could be easily 
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Scheme 5.1 Proposed synthesis steps for the reaction of an immobilized Wittig reagent with 
a carbonyl compound. 
 
 
In this project, the reaction conditions for a surface-supported Wittig reaction will be 
optimized using a model reaction. Following this, the surface-supported Wittig reagent will 
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be synthesized in two different ways, both of which will be used to facilitate this reaction. All 
reagents and byproducts will be analyzed. Scheme 5.1 outlines the steps to be undertaken. 
 
5.2 Results and Discussion 
5.2.1 Model Compound 
The first goal of the project was to optimize the reaction conditions for the Wittig 
reaction. The immobilized Wittig reagent is chosen as depicted in Scheme 5.1, but the type of 
aldehyde or ketone, temperature, and solvent can be optimized regarding yield and 
stereochemistry. To do this, a representative ylide (Scheme 5.2) was synthesized using 











Scheme 5.2 General Wittig reaction scheme using a representative ylide.   
 
Using a symmetrical ketone in a first step, an analysis of a product mixture can be 
avoided, as the product does not consist of E/Z isomers. However, it can be seen from Table 
5.1 that the symmetrical ketones acetone, benzophenone, and cyclohexanone were mostly 
unreactive with this model ylide. After switching to benzaldehyde, the reaction proceeds 
rapidly. The orange color of the ylide disappears within seconds after the addition of 
benzaldehyde. Furthermore, THF as the solvent leads to better yields than diethyl ether. The 
temperature of the reaction in THF is inconsequential with respect to the obtained isomer 
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ratio, but room temperature results in the highest overall yield of 82%. Therefore, for the 
following reactions with the immobilized ylide, benzaldehyde will be used as the carbonyl 
reagent, while THF will be the solvent, and the reaction will be carried out at 22 °C. 
 
Table 5.1 Summary of results using the molecular ylide Ph3P=CHPh to screen conditions for 





Solvent Temperature (°C) 
Overall Yield 
(%) 
E Isomer (%) 
Acetone THF 60 0 N/A 
Benzophenone THF 60 0 N/A 
Cyclohexanone THF 60 ~8 N/A 
Benzaldehyde THF 0 75 55 
Benzaldehyde THF 22 82 54 
Benzaldehyde THF 60 65 52 




Additionally, an experiment was performed using the tetraylide compound 21 to test 
if a molecule with four ylide groups would react in the same way as the monofunctional ylide 
Ph3P=CHPh. This is also important for a later test, when this tetraylide will be immobilized 
on SiO2 and reacted. The tetraylide was synthesized by reaction of benzyl bromide with the 
tetraphosphine 3, followed by deprotonation with nBuLi. When used for the Wittig reaction 
under the optimized conditions described above, the olefin yield was 48%, and the product 
mixture contained 63% of the E isomer. Although the yield was lower than in optimal cases 
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(Table 5.1), there was no detrimental inhibition of the Wittig reaction when using a 
tetraylide. 
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In Chapter III it has been demonstrated that 3i can be synthesized in the presence of 
ethoxysilanes, resulting in a scaffold immobilized via three phosphonium centers. The 
remaining phosphine group can be reacted with an excess of benzyl bromide, which 
generates the immobilized phosphonium salt 22i (Scheme 5.3). In the 31P solid-state NMR 
spectrum of 22i (Figure 5.1) the signal of the phosphine group is gone, which suggests the 
phosphine has been quaternized quantitatively. The new phosphonium signal is overlapping 
with the ethyl phosphonium signals bound to the silica surface via electrostatic interactions. 
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There is also some phosphine oxide present, as indicated by the rotational sideband 
downfield of the signal, which is characteristic for phosphine oxides. 
 
 
Figure 5.1 31P CP/MAS and MAS spectra of 22i. Asterisks denote rotational sidebands of the 




The next step involves the abstraction of a proton from the methylene group of the 
benzyl phosphonium functionality (Scheme 5.4). This is accomplished using the strong base 
n-butyllithium. When the immobilized ylide 23i is formed, the solid assumes a light orange 
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color, which is characteristic of benzyltriphenyl ylides and which was also observed for the 
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Scheme 5.4 Formation of immobilized ylide 23i from 22i. 
 
 
In the 31P CP/MAS NMR spectrum (Figure 5.2, top), the new signal at 8 ppm proves 
that the surface-bound ylide has formed. However, this signal is comparatively small in 
CP/MAS and not present in the MAS NMR spectrum (Figure 5.2, bottom). The likely cause 
of this is that in the MAS measurement the ylide phosphorus signal does not profit from the 
magnetization transfer from the vicinal proton and thus the signal intensity is diminished. On 
the other hand, the phosphonium 31P nuclei close to the surface outnumber the ylide 
phosphine by a factor of three and additionally profit from the transfer of magnetization from 
the ethyl groups in CP/MAS. Finally, the sample was exposed to oxygen during the 




Figure 5.2 31P CP/MAS (top) and MAS (bottom) spectra of 23i. Asterisks denote rotational 




Next, an alternative method for generating an immobilized ylide reagent is developed. 
It is known from previous work by Yang60 that ylides are reacting irreversibly with SiO2 
surfaces. It has been assumed that surface silanol groups reprotonate three of the four ylide 
groups, in this way regenerating the benzylphosphonium groups, which are then bound to the 
support by electrostatic interactions (Scheme 5.5). This presents a possible new venue for 
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forming an immobilized ylide by starting from the tetraylide 21 and allowing it to react with 
SiO2. When the tetraylide 21 is dissolved in THF and added to SiO2, the color of the solid 
changes to orange indicating that indeed the modified version of 21i with benzyl instead of 















Scheme 5.5 Immobilization of scaffold 21 on SiO2 to form 21i. 
  
5.2.3 Surface-Supported Wittig Reaction 
Once the Wittig reagent has been generated in its immobilized version on the surface 
the actual Wittig reaction can be tested. Previously, it has been observed that benzaldehyde 
was the most favorable carbonyl compound and using THF as the solvent results in the 
highest yields at room temperature, while the latter had very little effect on the E/Z isomer 
ratio (Table 5.1). Adding a stoichiometric amount of benzaldehyde to the immobilized Wittig 
reagent 23i results in the formation of both isomers of stilbene and the immobilized 
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Scheme 5.6 Wittig reaction using immobilized ylide 23i to yield stilbene and 24i. 
  
After the reaction, the supernatant containing E and Z stilbene can be decanted from 
the insoluble 24i, resulting in a clean product without further purification. The yield of the 
stilbene (73%) can be determined easily by weighing the residue after the solvent and excess 
benzaldehyde has been removed from the supernatant in vacuo.  
To determine the E/Z ratio, 1H NMR spectroscopy of the product mixture is used. In 
the 1H NMR spectrum (Figure 5.3), it can be seen that there are two peaks at δ = 7.05 and δ = 
6.53 ppm. These correspond to the E and Z isomers, respectively,61 and integration of these 








After the Wittig reaction, the decanted supernatant contains mainly the alkenes, while 
the phosphine oxide byproduct remains immobilized on the SiO2 support. This is shown by 
the fact that there is no signal in the 31P NMR spectrum of the decanted solution. 
Furthermore, the 31P  MAS NMR spectrum of the support after the Wittig reaction is 
consistent with the presence of immobilized phosphine oxide (Figure 5.4). 
 











Figure 5.4 31P solid-state NMR spectra of 24i after the Wittig reaction. Rotational speed 8 




It can be seen in the spectra displayed in Figure 5.4 that there is a large shoulder 
downfield of the phosphonium signal at 23 ppm. This broad signal, with only one rotational 
sideband downfield of the peak, is very characteristic of a phosphine oxide resonance. This 
confirms that it is possible to generate an immobilized Wittig reagent, to use it for a Wittig 
reaction, and to separate the surface-tethered phosphine oxide byproduct by decanting the 
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Scheme 5.7 Wittig reaction using immobilized ylide 21i to yield stilbene and 25i.  
  
The Wittig reaction works in the case of immobilizing the scaffold, then forming the 
ylide on an already immobilized phosphine. It remains to be seen if the slightly altered 
version 21i, which is generated by placing a tetraylide onto SiO2 directly will achieve the 
same results (Scheme 5.7). After generating this immobilized Wittig reagent, the procedure 





Figure 5.5 1H NMR (C6D6) of the supernatant after removal of the solvent.  
  
It can be seen from the expansion of the 1H NMR spectrum in Figure 5.5 that this 
reaction was successful as well. The signature chemical shifts of the resonances 
corresponding to the E and Z isomers are present. The data for the Wittig reaction are listed 
in Table 5.2. 
 












E Isomer (%) 
23i Benzaldehyde THF 22 73 84 
21i Benzaldehyde THF 22 75 87 











Figure 5.6 31P NMR of the supernatant above 25i in C6D6 after undergoing a Wittig reaction. 
  
Next it was investigated whether the modified surface-bound Wittig reagent 21i 
remains as strongly bound to SiO2 as 23i. The 
31P NMR spectrum of the supernatant after the 
Wittig reaction (Figure 5.6) shows a signal with low intensity, but its chemical shift is very 
suggestive of phosphine oxide. This indicates that the scaffold 21i is not remaining adsorbed 
on the SiO2 and is leaching into solution.  
This is confirmed by measuring 31P solid-state NMR spectra of the remaining 
support. The spectra displayed in Figure 5.7 show no 31P signal, meaning that all of the 
scaffold has been washed off. This means that the tetraylide was not bound as firmly to SiO2 
as phosphonium salts immobilized with ethoxysilanes. Impregnating a silica surface with 
tetraylides is, therefore, not a sustainable way to immobilize phosphonium salts irreversibly 
on SiO2. 









Figure 5.7 31P Solid-state NMR spectra of 25i after undergoing a Wittig reaction. Rotational 
speed 8 kHz. 
 
 
One of the most interesting and unexpected results is that binding the Wittig reagent 
to a surface has an effect on the ratio of the resulting structural isomers. The ratio of E and Z 
isomers of stilbene is about the same for the molecular ylide Ph3P=CHPh in THF regardless 
of temperature (52-55%, Table 5.1). However, for the immobilized ylides, 23i formed 84% 
E-stilbene and 21i formed 87% E-stilbene (Table 5.2). Although it is known that surface-
bound reagents can produce different isomer ratios than reagents in solution,11c,17 it was 
unexpected in this case, given how the ylide group at the top of the linker scaffold is 

















First, conditions were optimized using a molecular Wittig reagent, Ph3P=CHPh. It 
was found that THF was the best solvent, while temperature changed the overall yield, but 
did not alter the product ratio in a decisive way, and symmetrical ketones were unreactive 
with the molecular ylide. When benzaldehyde was used as the carbonyl compound, it reacted 
quickly and gave good yields. The Wittig reaction produces two isomers of stilbene, E and Z, 
and Ph3P=CHPh in solution produces them in nearly equal amounts. To test for any 
cooperative effects, and also to ensure that the Si center did not alter the reaction outcome, 
compound 21 was used for a Wittig reaction. The outcome was a slightly lower yield, but 
otherwise the result of the reaction was comparable to that in the case of using Ph3P=CHPh. 
In the next step the immobilized ylide was synthesized. This was done in two 
different ways. With the first method, the free phosphine of the scaffold, which had already 
been immobilized via three phosphonium centers (Chapter III), was quaternized with benzyl 
bromide, then transformed into the ylide 23i using nBuLi. Solid-state NMR confirmed that 
the synthesis was successful. This ylide 23i then underwent the Wittig reaction under the 
optimized conditions. The result was approximately the same yield as for the reaction with 
Ph3P=CHPh in solution (73%), but with a substantially higher E/Z ratio (84%). The leftover 
phosphine oxide remained on the surface with no scaffold being leached into solution, as 
evidenced by solid-state NMR of the support and solution NMR of the supernatant. 
The second method involved synthesizing the tetraylide 21 using the tetraphosphine 
3, then adding benzyl bromide to form 20, before adding nBuLi to deprotonate the 
tetraphosphonium salt. The tetraylide was adsorbed by adding dissolved 21 to SiO2 to create 
21i. This method produced results that were similar to those when using the first method 
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(75% yield, 87% E isomer), but the crucial difference to this method was that the scaffold 
was easily washed off with THF. This was readily seen in NMR of the supernatant and solid-
state NMR of the remaining support. 
  
5.4 Experimental Section 
5.4.1 General Information and Procedures 
All reactions are carried out using standard Schlenk techniques and a purified N2 
atmosphere, if not stated otherwise. Reagents purchased from Sigma Aldrich or VWR are 
used without further purification. Solvents are dried by boiling them over Na, distilled, and 
stored under N2. CH2Cl2 and hexanes are obtained from a solvent purification system. The 
silica (Merck, 40 Å average pore diameter, 0.063 to 0.2 mm average particle size, specific 
surface area 750 m2/g) is rigorously dried in vacuo at 250 °C for 4 days to remove adsorbed 
water and condense surface silanol groups.  
 
5.4.2 Instruments and Measurements 
The 1H, 13C, and 31P NMR spectra of liquids were recorded at 499.70, 125.66, and 
470.17 MHz on a 500 MHz Varian spectrometer and referenced as follows: 1H: residual 
internal CHCl3 (δ, 7.26 ppm) or benzene-d6 (δ, 7.16 ppm); 
13C: internal CDCl3 (δ, 77.23 
ppm) or benzene-d6 (δ, 128.06 ppm). 
31P NMR spectra are referenced to neat Ph2PCl (δ, 
81.92 ppm) which is placed in a capillary centered in the NMR sample tube. The 13C and 31P 
spectra are recorded with 1H decoupling if not stated otherwise. The 29Si NMR spectra of 
liquids were recorded at 79.46 on a 400 MHz Varian spectrometer and referenced as follows: 
29Si: external hexamethyldisiloxane (δ, 6.53 ppm). The solid-state NMR spectra are 
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measured with a Bruker Avance 400 widebore NMR spectrometer with a multinuclear 4 mm 
MAS probehead. For the 31P CP/MAS and MAS measurements 1H high-power decoupling 
was applied. The recycle delays are 3 s for CP/MAS and 10 s for MAS spectra.  
 
5.4.3 Synthesis of 20 
Tetraphosphine 3 (0.213 g, 0.198 mmol) is suspended in 50 mL DMF. Then 0.1573 g 
benzyl bromide (0.9197 mmol, 4.64 eq.) is added and the solution is heated to 60 oC and 
stirred for 16 h. The DMF is removed in vacuo and the residual solid is washed twice with 20 


















Mol. Wt.: 1757.334 g/mol 
1H NMR (CDCl3, 499.69 MHz)  
δ = 8.00 (8H, H-3, dd, 3J(1H-1H) = 8.1 Hz, 3J(31P-1H) = 4.5 Hz), 7.87 (8H, H-2, dd, 3J(1H-1H) 
= 7.8 Hz, 4J(31P-1H) = 3.2 Hz), 7.75 (8H, H-8, t, 3J(1H-1H) = 7.7 Hz), 7.65 (32H, H-6/H-7, m) 
7.19 (4H, H-13, d, 3J(1H-1H) = 8.5 Hz), 7.09 (16H, H-11/H-12, m), 5.23 (8H, H-9, d, 2J(31P-
1H) = 14.4 Hz). 
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13C NMR (CDCl3, 125.66 MHz)  
δ = 138.71 (s, C-1), 137.72 (d, C-2, 3J(31P-13C) = 12.1 Hz), 135.21 (d, C-8, 4J(31P-13C) = 2.8 
Hz), 134.47 (d, C-6, 3J(31P-13C) = 9.8 Hz), 134.08 (d, C-3, 2J(31P-13C) = 9.6 Hz), 131.33 (d, 
C-11, 3J(31P-13C) = 5.6 Hz), 130.36 (d, C-7, 3J(31P-13C) = 12.6 Hz), 128.97 (d, C-12, 4J(31P-
13C) = 3.1 Hz), 128.64 (d, C-13, 5J(31P-13C) = 3.6 Hz), 126.97 (d, C-10, 2J(31P-13C) = 8.5 Hz), 
121.29 (d, C-4, 1J(31P-13C) = 83.8 Hz), 117.07 (d, C-5, 1J(31P-13C) = 85.7 Hz), 31.11 (d, C-9, 
1J(31P-13C) = 47.0 Hz), 
29Si NMR (CDCl3, 79.46 MHz)  
δ = -15.46 (s) 
31P NMR (CDCl3, 202.28 MHz) 
δ = 23.12 (s) 
 
5.4.4 Synthesis of 21 
Tetraphosphonium salt 20 (0.1149 g, 0.06538 mmol) is suspended in toluene (25 mL) 
in a Schlenk flask. Then  nBuLi (0.11 mL, 0.25 mol, 4.2 eq) is added to the flask, and the 
contents are allowed to stir for 15 h. Then the product is extracted in toluene, resulting in 21, 



















Mol. Wt.: 1433.688 g/mol 
1H NMR (CDCl3, 499.69 MHz)  
δ = 8.00 (8H, H-3, dd, 3J(1H-1H) = 8.0 Hz, 3J(31P-1H) = 4.4 Hz), 7.84 (8H, H-2, dd, 3J(1H-1H) 
= 7.8 Hz, 4J(31P-1H) = 3.2 Hz), 7.78 (8H, H-8, t, 3J(1H-1H) = 7.7 Hz), 7.67 (32H, H-6/H-7, m) 
7.32 (8H, H-11, t, 3J(1H-1H) = 7.3 Hz), 7.11 (12H, H-12/H-13, m), 5.29 (2H, H-9, d, 2J(31P-
1H) = 14.4 Hz). 
13C NMR (CDCl3, 125.66 MHz)  
δ = 138.07 (s, C-1), 137.20 (d, C-2, 3J(31P-13C) = 11.9 Hz), 134.93 (d, C-8, 4J(31P-13C) = 2.8 
Hz), 134.03 (d, C-6, 3J(31P-13C) = 9.8 Hz), 133.67 (d, C-3, 2J(31P-13C) = 9.6 Hz), 131.89 (d, 
C-13, 5J(31P-13C) = 2.7 Hz), 130.56 (d, C-11, 3J(31P-13C) = 9.8 Hz), 129.99 (d, C-7, 3J(31P-
13C) = 12.6 Hz), 127.89 (d, C-12, 4J(31P-13C) = 13.5 Hz), 126.44 (d, C-10, 2J(31P-13C) = 8.6 
Hz), 120.95 (d, C-4, 1J(31P-13C) = 83.6 Hz), 117.07 (d, C-5, 1J(31P-13C) = 85.7 Hz), 23.44 (d, 
C-9, 1J(31P-13C) = 15.6 Hz), 
29Si NMR (CDCl3, 79.46 MHz)  
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δ = -15.01 (s) 
31P NMR (C6D6, 202.28 MHz) 
δ = 8.04 (s) 
 
5.4.5 Synthesis of 21i 








0.0366 g 21 (0.02082 mmol) is suspended in toluene, and 0.04 mL nBuLi (0.1 mmol, 
4.8 eq.) is added. The reaction proceeds for 1 h. Separately, 0.250 g SiO2 is suspended 10 mL 
toluene. The ylide 9, having formed from deprotonation of 8, is added via cannula to the SiO2 
suspension. The mixture is then stirred at room temperature overnight. The product 14 is 
decanted and washed with 20 mL toluene. The product is then dried in vacuo, leaving 0.260 
g 14 (92.8%), an orange solid. The mass of 9 remaining in the supernatant was 0.0070 g, so 
the mass of ylide on the surface was 0.0229 g (0.0155 mmol). Therefore, the surface 
coverage was 4.98 particles/100 nm2 (91.6 mg/g SiO2, 6.20∙10





5.4.6 Synthesis of 22i 
 
O O O OO O










0.162 g of 3i are placed in a Schlenk flask, along with 20 mL toluene. Then 0.50 mL 
benzyl bromide (4.2 mmol, exc.) are added, and the mixture is heated to 100oC. After 18 h, 
the mixture is cooled, the supernatant is decanted, and the product is washed twice with 20 
mL toluene. The solid, slightly yellow product 21i is then dried in vacuo, giving a yield of 





5.4.7 Synthesis of 23i 
 
O O O OO O









0.240 g of 22i are suspended in 20 mL toluene. Then 0.30 mL 2.5 M nBuLi (0.75 
mmol) are added, and the reaction proceeds for 2 h. The supernatant is decanted and the 
product 22i is washed with 20 mL toluene, leaving an orange powder with a mass of 0.238 g 
(99%). 
 
5.4.8 General Procedure for Wittig Reaction 
Compound 22i (0.238 g) is immediately added to a flask and suspended in THF (10 
mL). Benzaldehyde (0.123 g) is added to the suspension. The orange color of the particles 
vanishes over the span of about 1 minute. The reaction proceeds overnight, then the solution 
is decanted and the solvent is removed in vacuo. The yield is 0.0089 g E/Z-stilbene (73%), of 




CHAPTER VI  
SUMMARY 
 
In this thesis various tetraphosphines with tetraphenylelement cores with silicon and 
tin as the center atoms, for example, Si(p-C6H4PCy2)4, were synthesized. Synthetic routes 
have been explored in detail and optimized for each tetraphosphine. These 
tetraphenylelement compounds have the advantage of incorporating a rigid backbone. This 
feature makes them ideal scaffold-like linkers that prevent interactions of coordinated metal 
complexes with the reactive silica surface after being immobilized, and it diminishes the 
probability of deactivation of the metal complexes by dimerization. Derivatives of these 
molecules were obtained in a straightforward manner to meet the needs of the application 
desired. There are two principal routes for synthesizing these scaffolds, depending on 
whether the tetraphenyl core is generated in the first or second step. Both routes are used to 
synthesize compound 3 as well as derivatives thereof. All of these compounds have been 
fully characterized. It is possible to modify the scaffolds by incorporating different 
substituents at phosphorus and to choose alternative elements from the carbon group for the 
core. For example, compounds with four dicyclohexylphosphine groups can be generated, 
and a Sn, or alternatively a Si core can be incorporated. This is demonstrated for compounds 
12, 13, and 14. All of the scaffolds with cyclohexylphosphines display an interesting 13C 
NMR phenomenon where six aliphatic signals are found per cyclohexyl ring while four 
would be expected at first glance. For synthesizing compounds 14, 15, and 16, it is necessary 
to use tBuLi to lithiate compound 2, which proves to be the only successful synthesis route. 
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Next, the research focus was placed on interactions of the tetraphosphines and their 
phosphonium salts with the silica surface. The tetraphosphine scaffolds can be immobilized 
onto silica using ethoxysilanes. During this process the immobilization is occurring via three 
generated phosphonium groups, leaving one free phosphine that will eventually be 
coordinated to a catalyst or transformed into a reagent. Monophosphonium salts are mobile 
on surfaces in the presence of solvents. To determine the modes of mobility, four salts were 
checked regarding their solubility, and whether this correlates with the 31P HRMAS 
linewidths. There was no strong correlation, and therefore the mechanism involving surface 
detachment in a solvent could be ruled out with respect to the surface mobility of 
phosphonium salts. Furthermore, while simply impregnated phosphonium salts can be 
leached off the surface, they are not detached after being immobilized with ethoxysilanes, as 
in these cases the counteranions are covalently tethered to the support. This was 
demonstrated by placing batches of 3i in eight different solvents, where less than 3% 
leaching occurred, even in very polar solvents. 
Using the tetraphosphine scaffold linkers, a new class of immobilized Wilkinson-type 
Rh catalysts, 3iRh, 12iRh, and 13iRh, could be obtained. The Wilkinson's catalyst can be 
coordinated to the immobilized scaffold via a simple ligand exchange. These new catalysts 
can easily be recycled almost indefinitely, they work at very low temperatures, have no 
active species leaching into the supernatant, and they are resistant to oxidation in air. The 
only functional difference between the catalysts is that 12iRh and 13iRh require 50 °C to 
initiate catalytic activity, while 3iRh was already active at room temperature. Unfortunately, 
the catalyst is reduced during the batchwise catalytic run, resulting in the formation of Rh 
nanoparticles. Importantly, it could be demonstrated that the core element of the scaffold 
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linker, Si or Sn, plays no part in catalysis. The last catalyst synthesized was 18iRh, which is 
distinct from the other catalysts because it does not feature a rigid linker, and was 
coordinated to the Rh center in a chelating manner. The catalyst is effective at room 
temperature, but under these conditions it needs to form nanoparticles before any catalytic 
reaction can commence. Therefore, it can be concluded that using a chelating linker to bind 
to the Rh center did not prevent nanoparticle formation. 
In the final section of this thesis, surface-supported Wittig reactions for easy removal 
of the phosphine oxide byproduct were explored. The rigid linker scaffolds are ideal for this 
purpose because the sensitive ylide group that is needed as an intermediate in this reaction is 
prevented sterically from decomposition by interacting with the reactive silica surface. The 
conditions for this reaction were optimized using a molecular Wittig reagent, Ph3P=CHPh. 
The Wittig reaction, when performed in THF at RT, with benzaldehyde as the carbonyl 
compound, produces two isomers of stilbene, E and Z, in nearly equal amounts. There were 
no cooperative effects when applying the tetraylide 21. In the next step an immobilized ylide 
was synthesized. This was achieved in two different ways. 
Using the first method, the remaining phosphine at the top of the scaffold, which had 
been immobilized via three phosphonium centers, was quaternized with benzyl bromide, then 
transformed into the ylide 23i using nBuLi. Solid-state NMR confirmed that the synthesis 
was successful. This ylide was then subjected to the Wittig reaction under the optimized 
conditions. The result was approximately the same yield as for the reaction with Ph3P=CHPh 
in solution (73%), but with a substantially higher E/Z ratio (84%). The formed phosphine 
oxide byproduct remained on the surface with no scaffold leaching into solution. 
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The second method involved synthesizing the tetraylide 21 using the tetraphosphine 
3, then adding benzyl bromide to form 20, before adding nBuLi to deprotonate the 
tetraphosphonium salt. The tetraylide was then reacted with the silica surface to create 21i. 
This method produced results that were similar to those when using the first method (75% 
yield, 87% E isomer), but the crucial difference was that the scaffold could easily be washed 
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NMR SPECTRA 
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